Digitized  by  the  Internet  Arciiive 

in  2010  with  funding  from 

University  of  Toronto 


http://www.archive.org/details/proceedings07inst 


57  Y 


PROCEEDINGS 

OF 

THE  INSTITUTE  OF  RADIO 
ENGINEERS 

(INCORPORATED 


VOLUME   7 
1919 


EDITED  BY 
ALFRED  N.  GOLDSMITH.  Ph.D. 


PUBLISHED  EVERY  TWO  MONTHS  BY 

THE  INSTITUTE  OF  RADIO  ENGINEERS 

(INC.) 


THE  COLLEGE  OF  THE  CITY  OF  NEW  YORK 


GENERAL  INFORMATION 


The  right  to  reprint  limited  portions  or  abstracts  of  the  articles,  discus- 
sions, or  editorial  notes  in  the  Proceedings  is  granted  on  the  express  con- 
dition that  specific  reference  shall  be  made  to  the  source  of  such  material. 
Diagrams  and  photographs  in  the  Proceedings  may  not  be  reproduced  with- 
out securing  permission  to  do  so  from  the  Institute  thru  the  Editor. 

Those  desiring  to  present  original  papers  before  the  Institute  of  Radio 
Engineers  are  invited  to  submit  their  manuscript  to  the  Editor. 

Manuscripts  and  letters  bearing  on  the  Proceedings  should  be  sent  t<i 
Alfred  N.  Goldsmith,  Editor  of  Publications,  The  College  of  The  City  of  New 
York,  New  York. 

Requests  for  additional  copies  of  the  Proceedings  and  communications 
dealing  with  Institute  matters  in  general  should  be  addressed  to  the  Secre- 
tary, The  Institute  of  Radio  Engineers,  The  College  of  The  City  of  New  York. 
Xew  York. 

The  Proceedings  of  the  Institute  are  published  every  two  months  and 
contain  the  papers  and  the  discussions  thereon  as  presented  at  the  meetings 
in  Xew  York,  Washington,  Boston,  Seattle,  San  Francisco,  or  Philadelphia. 

Payment  of  the  annual  dues  by  a  member  entitles  him  to  one  copy  of 
each  number  of  the  Proceedings  issued  during  the  period  of  his  membership. 

Subscriptions  to  the  Proceedings  are  received  from  non-members  at  the 
rate  of  SI. 50  per  copy  or  -SO.OO  per  year.  To  foreign  countries  the  rates  are 
§1.60  per  copy  or  S9.60  per  year.  A  discount  of  25  per  cent  is  allowed  to 
libraries  and  booksellers.  The  English  distributing  agency  is  "The  Electrician 
Printing  and  Publishing  Company,"  Fleet  Street,  London,  E.  C. 

Members  presenting  papers  before  the  Institute  are  entitled  to  ten  copies 
of  the  paper  and  of  the  discussion.  .Arrangements  for  the  purchase  of  reprints 
of  separate  papers  can  be  made  thru  the  Editor. 

It  is  understood  that  the  statements  and  opinions  given  in  the  Proceed- 
ings are  the  views  of  the  individual  members  to  whom  they  are  credited,  and 
are  not  binding  on  the  membership  of  the  Institute  as  a  whole. 


Copyright,  1919,  by 

THE  INSTITUTE  OF  RADIO  ENGINEERS,  inc. 

The  College  of  the  City  of  New  York 

New  York,  N.  Y. 


CONTENTS  OF  VOLUME   7 
1919 


*-«::„•;»■■' 


NUMBER  1;  February,  1919 

Officeks  and  Past  Presidents  of  the  Institute 

Committees  of  the  Institute 

Institute  Notice:  Deaths  of  Edward  J.   Baskin,   Guy  E.   Morse, 
AND  William  D.  Woodcock 

Louis  W.  Austin,  "Resonance  Measurements  in  Radiotelegraphy 
with  the  Oscillating  Audion" 

Leonard  F.  Fuller,  "A  Brief  Technical  Description  of  the  New 
San   Diego,   Pearl  Harbor,    and   Cavite   High   Power   Naval 

Radio  Stations" 


Page 
4 


Christian  Nusbaum,  "Hysteresis  and  Eddy  Current  Losses  in- 
Iron  AT  Radio  Frequencies" 15 

J.  H,  Dellinger,  "The  Measurement  of  Radio  Frequency  Resist- 
ance, Phase  Difference,  and  Decrement" 27 

Marius  Latour,  "Note  on  Lo.sses  in  Sheet  Iron  at  Radio  Fre- 
quencies"             .        .        .        .61 

H.  G.  CoRDES,  "The  Natural  Frequency  of   \n  Electric  Circuit 

Having  an  Iron  Magnetic  Circuit"  73 

Ellery  W.  Stone  and  Bowden  Washington,  "Discussions  on,  The 
Electrical  Operation  and  Mechanical  Design  of  an  Impulse 
Excitation  Multi-Spark  Group  Radio  Transmitter,  by  Bowden 

WASHINfiTON" 83 


NUMBER  2;  April,  li)19 

Officers  and  Past  Presidents  of  the  Institute 92 

Committees  of  THE  Institute 93 

Institute  Notices:  Board  of  Direction  Annual  Award  of  Medal 

of  Honor;  and  the  Morris  Liebmann  Memorial  Prize  95 

H.  J.  Van  Der  Bijl,  "Theory  and  Operating  (Characteristics  of 

the  Thermionic  Amplifier" .       97 

Stuart  Ballantine,  "The  Operational  Characteristics  of  Ther- 
mionic Amplifiers" 129 

Discussion  on  the  Above  Paper 162 

John  R.  Carson,  "A  Theoretical  Sti  dv  of  the  Three-Element 

\'a('uum  Tube" 187 


NUMBER  :-i;J'inc,  1919 

Page 

Roy  A.  Weagant,  "Reception  Thku  Static  AND  Intkrference"  .        .     207 

Discussion  on  the  Above  Paper 246 

Louis  W.  Austin,  "A  New  Method  of  Using  Contact  Detectors 

IN  Radio  Measurements" 257 

A.    Hoyt   Taylor,    "The   Possibilities   of   Concealed    Receiving 

Systems" 261 

W.  H.  EccLES,  "On  Measurement  of  Signal  Strength"  267 

Discussion  on  the  Above  Paper 279 

C'laude  F.  Cairns,  "The  Cabot  Converter"  281 

P.  O.  Pedersen,  "On  the  Poulsen  Arc  and  Its  Theory"  (Supple- 
mentary Note) 298 

John    M.    Miller,    "Electrical    Oscillations    in    Antennas    and 

Inductance  Coils" 299 

Samuel  Cohen,  "Further  Discussion  on  'On  the  Electrical 
Operation  and  Mechanical  Design  of  an  Impulse  Excitation 
Multi-Spark  Croup  Radio  Transmitter,'  by  Bowden  Wash- 
ington"        327 


NUMBER  4;  August,  1919 

Officers  and  Past  Presidents  of  the  Institute 332 

Committees  of  the  Institute 333 

Institute  Notice:  Death  of  Harold  C.  Schreiner       ....  335 

Institute  Notice:  New  Conditions  of  Award  of  Board  of  Direc- 
tion Medal  of  Honor 336 

A.  Hoyt  Taylor,  "Short  Wave  Reception  and  Transmission  on 

Ground  Wires   (Subterranean   and   Sitbmarine)"     .        .        .     337 
Discussion  on  the  Above  Paper 362 

Ernst  F.   W.    Alexanderson,    "Simultaneous    Sending    and   Re- 
ceiving"   •.        •        •     363 

Discussion  on  the  Above  Paper 379 

Robert  Boyd  Black,    "Radio  Telegraphy   in   Co.mpetition    with 

Wire  Telegraphy  in  Overland  Work" 391 

D.   Galen  McCaa.    "A  Special  Type   of  Quenched  Spark  Radio 

Ti^ansiviitter" 409 

M.  Shuleikin  and  I.  Freiman,  "On  the  Multi-Section  Quenched 

Gap" 417 

W.  Orland  Lytle,  "A  Study  of  Electrostatically  Coupled  Cir- 
cuits" . .     427 


NUMBER  5;  October,  1919 

Page 

Officers  of  the  Institute  of  Radio  Engineers 448 

Leonard  F.  Fuller,  "The  Design  of  Poulsen  Arc  Converters  for 

Radio  Telegraphy" 449 

Roy  E.  Thompson,  "The  Uni-Control  Receiver"          ....     499 
Discussion  on  the  Above  Paper 515 

J.    F.   J.   Bethenod,    "0:n   the   Theory   of   Radiotelegraphic    and 

Radiotelephonic  Receiver  Circuits" 517 

Henry  G.  Cordes,  "Determination  of  the  Rate  of  De-Ionisation 

of  Electric  Arc  Vapor" 527 

Further  Discussion  on  "The  Electrical  Operation  and  Mechan- 
ical Design  of  an  Impulse  Excitation  Multi-Spark  Group 
Radio  Transmitter"  by  Bowden  Washington,  by  Ellery  W. 
Stone 541 

Further  Discussion  on  "Reception  Thru  Static  and  Interference" 

BY  Roy  a.  Weagant 543 


NUMBER  6;  December,  1919 

Officers  of  the  Institute  of  Radio  Engineers 55S 

A.  Hoyt  Taylor,  "Long  Wave  Reception  and  the  Elimination  of 

Strays  on  Ground  Wires  (Subterranean  and  Submarine)"       .     559 

Julius  Weinberger  and  Carl  Dreher,   "An  Oscillation  Source 

for  Radio  Receiver  Investigations" 584 

H.  J.  Van  Der  Bijl,  "On  the  Detecting  Efficiency  of  the  Ther- 
mionic Detector" 603 

Discussion  on  the  Above  Paper 633 

Luigi   Lombardi,    "Harmonic   Oscillations   in   Directly   Excited 

Antennas  Used  in  Radio  Telegraphy" 636 

Frederick  A.  Kolster,  "Re-enforced  Harmonics  in  High  Powek 

Arc  Transmitters" 648 

Further  Discussion  on  "Electrical  Oscillations  in  Antennas 
and  Induction  Coils"  by  John  M.  Miller,  by  John  H.  More- 
croft  651 


VOLUME?  FEBRUARY,  1919  number  i 

PROCEEDINGS 

^  o/  ^ 

Sl|r  3n0ttt«t?  of  Sait0 

(INCORPORATED) 

TABLE  OF  CONTENTS 


COMMITTEES  AND  OFFICERS  OF  THE  INSTITUTE 


INSTITUTE  NOTICE 


TECHNICAL  PAPERS  AND  DISCUSSIONS 


EDITED  BY 
ALFRED  N.  GOLDSMITH,  Ph.D. 


PUBLISHED  EVERY  TWO  MONTHS  BY 

THE  INSTITUTE  OF  RADIO  ENGINEERS,  INC. 

THE  COLLEGE  OF  THE  CITY  OF  NEW  YORK 

THE  TABLE  OF  CONTENTS  FOLLOWS  ON  PAGE  3 


GENERAL   INFORMATION 


The  right  to  reprint  limited  portions  or  abstracts  of  the  articles,  discus- 
sions, or  editorial  notes  in  the  Proceedings  is  granted  on  the  express  con- 
dition that  specific  reference  shall  be  made  to  the  source  of  such  material. 
Diagrams  and  photographs  in  the  Proceedings  may  not  be  reproduced  with- 
out securing  permission  to  do  so  from  the  Institute  thru  the  Editor. 

Those  desiring  to  present  original  papers  before  The  Institute  of  Radio 
Engineers  are  invited  to  submit  their  manuscript  to  the  Editor. 

Manuscripts  and  letters  bearing  on  the  Proceedings  should  be  sent  to 
Alfred  N.  Goldsmith,  Editor  of  Publications,  The  College  of  The  City  of  New 
York,  New  York. 

Requests  for  additional  copies  of  the  Proceedings  and  communications 
dealing  with  Institute  matters  in  general  should  be  addres.sed  to  the  Secre- 
tary, The  Institute  of  Radio  Engineers,  The  College  of  the  City  of  New  York, 
New  York. 

The  Proceedings  of  the  Institute  are  published  every  two  months  and 
contain  the  papers  and  the  discussions  thereon  as  presented  at  the  meetings 
in  New  York,  Wasliington,  Boston,  Seattle,  or  Philadelphia. 

Payment  of  the  annual  dues  by  a  member  entitles  him  to  one  copj^  of 
each  number  of  the  Proceedings  issued  during  the  period  of  his  membership. 
Members  may  purchase,  when  available,  copies  of  the  Proceedings  issued 
prior  to  their  election  at  75  cents  each. 

Subscriptions  to  the  Proceedings  are  received  from  non-members  at  the 
rate  of  $1.00  per  copy  or  $6.00  per  year.  To  foreign  countries  the  rates  are 
$1.10  per  copy  or  $6.60  per  year.  A  discount  of  2.5  per  cent  is  allowed  to 
libraries  and  booksellers.  The  EngUsh  distributing  agency  is  "The  Electrician 
Printing  and  Publishing  Company,"  Fleet  Street,  London,  E.  C. 

Members  presenting  papers  before  the  Institute  are  entitled  to  ten  copies 
of  the  paper  and  of  the  cliscussion.  Arrangements  for  the  purchase  of  reprints 
of  separate  papers  can  be  made  thru  the  Editor. 

It  is  understood  that  the  statements  and  opinions  given  in  the  Proceed- 
ings are  the  views  of  the  individual  members  to  whom  they  are  credited,  and 
are  not  binding  on  the  membership  of  the  Institute  as  a  whole. 


Copyright,  1919,  by 

THE  INSTITUTE  OF  RADIO  ENGINEERS,  inc. 

The  College  of  the  City"  of  New  York 

New  York,  N.  Y. 


CONTENTS 

PAGE 

Officers  and  Past  Presidents  of  the  Institute 4 

Committees  of  the  Institute 5 

Institute  Notice:  Deaths  of  Edward  J.  Baskin,  Guy  E.  Morse, 

AND  William  D.  Woodcock 7 

Louis  W.  Austin,  "Resonance  Measurements  in  Radiotelegraphy 

WITH  the  Oscillating  Audion" 9 

Leonard  F.  Fuller,  "A  Brief  Technical  Description  of  the  New 
San  Diego,  Pearl  Harbor,  and  Cavite  High  Power  Naval 
Radio  Stations" 11 

Christian   Nusbaum,    "Hysteresis  and  Eddy  Current  Losses  in 

Iron  at  Radio  Frequencies" 15 

J.  H.  Dellinger,  "The  Measurement  of  Radio  Frequency  Resist- 
ance, Phase  Difference,  and  Decrement" 27 

Marius  Latour,  "Note  on  Losses  in  Sheet  Iron  at  Radio  Fre- 
quencies"      61 

H.  G.  Cordes,  "The  Natural  Frequency  of  an  Electric  Circuit 

Having  AN  Iron  Magnetic  Circuit" 73 

Ellery  W.  Stone  and  Bowden  Washington,  "Discussions  on  'The 
Electrical  Operation  and  Mechanical  Design  of  an  Im- 
pulse Excitation  Multi-Spark  Group  Radio  Transmitter'  by 
Bowden  Washington" 83 


J.  F.  J.  Bethenod,  "Correction   to    Discussion   on    a    Paper,  by 
Leon  Bouthillon" 

Correction:     On  page  159  of  volume  6,  number  3  of  the  Proceedings,  line 

7  from  the  bottom  of  the  page  should  read: 
"terminals  of  a  current  supply  b\'  means  of  a  self-iiiductancc" 


OFFICERS  AND  BOARD  OF  DIRECTION.   1919 

(Terms  expire  January   1,    1920;  except   as  otherwise  noted.) 


president 
George  W.  Pierce 

vice-president 

John  V.  L.  Hogan 

treasurer  secretary 

Warren  F.  Hubley  Alfred  N.  Goldsmith 

EDITOR  of  publications 

Alfred  N.  Goldsmith 

managers 

(Serving  until  January  5,  1921) 

Guy  Hill  Major-General  George  O.  Squier 

(Serving  until  January  7,  1920) 
Ernst  F.  W.  Alexanderson        Lieut.  George  H.  Lewis 
Captain  Edwin  H.  Armstrong      Michael  L  Pupin 
George  S.  Davis  David  Sarnoff 

Lloyd  Espenschied  John  Stone  Stone 


WASHINGTON  SECTION 

EXECUTIVE  committee 

chairman  secretary-treasurer 

Major-General  George  0.  Squier         George  H.  Clark, 
War  Department,  Navy  Department, 

Washington,  D.  C.  Washington,  D.  C. 

Charles  J.  Pannill 
Radio,  Va. 

BOSTON  SECTION 

CHAIRMAN  SECRETARY-TREASURER 

A.  E.  Kennelly,  Melville  Eastham, 

Harvard  University,  11  Windsor  Street, 

Cambridge,  Mass.  Cambridge,  Mass. 

SEATTLE  SECTION 
chairman  secretary-treasurer 

Robert  H.  Marriott,  Philip  D.  Naugle, 

715  Fourth  Street,  71  Columbia  Street, 

Bremerton,  Wash.  Seattle,  Wash. 


SAN  FRANCISCO  SECTION 

CHAIRMAN  SECRETARY-TREASURER 

W.  W.  Hanscom,  v.  Ford  Greaves, 

848  Clayton  Street,  526  Custom  House, 

San  Francisco,  Cal.  San  Francisco,   Cal. 

H.  G.  Aylsworth 
145  New  Montgomer^y  Street 
San  Francisco,  Cal. 


PAST-PRESIDENTS 

society  of  wireless  telegraph  engineers 

John  Stone  Stone,  1907-8  Lee  De  Forest,  1909-10 

Fritz  Lowenstein,  1911-12 

the  wireless  institute 
Robert  H.  Marriott,  1909-10-11-12 

the  institute  of  radio  engineers 
Robert  H.  Marriott,  1912        Greenleaf  W.  Pickard,  1913 
Louis  W.  Austin,  1914  John  Stone  Stone,  1915 

Arthur  E.  Kennelly,  1916       Michael  I.  Pupin,  1917 


STANDING  COMMITTEES 
1919 


COMMITTEE  ON  STANDARDIZATION 

John  V.  L.  Hogan,  Chairman Brooklyn,  N.  Y. 

E.  F.  W.  Alexanderson Schenectady,  N.  Y. 

Captain  Edwin  H.  Armstrong New  York,  N.  Y. 

Louis  W.  Austin Washington,  D.  C. 

A.  A.  Campbell  Swinton London,  England 

George  H.  Clark Washington,  D.  C. 

William  Duddell London,  England 

Leonard  Euller San  Francisco,  Cal. 

Alfred  N.  Goldsmith New  York,  N.  Y. 

Guy  Hill Washington,  D.  C. 

Lester  Israel Washington,  D.  C. 

Frederick  A.  Kolster Washington,  D.  C. 

Lieutenant  George  H.  Lewis Brooklyn,  N.  Y. 

Valdemar  Poulsen Copenhagen,  Denmark 

George  W.  Pierce Cambridge,  Mass. 

John  Stone  Stone New  York,  N.  Y 

5 


Charles  H.  Taylor New  York,  N.  Y. 

Roy  A.  Weagant Roselle,  N.  J. 

COMMITTEE  ON  PUBLICITY 

David  Sarnoff,  Chairynan New  York,  N.  Y 

John  V.  L.  Hogan Brooklyn,  N.  Y. 

Robert  H.  Marriott Seattle,  Wash. 

Louis  G.  Pacent New  York,  N.  Y. 

Charles  J.  Pannill Radio,  Va. 

Robert  B.  Woolverton San  Francisco,  Cal. 

COMMITTEE  ON  PAPERS 

Alfred  N.  Goldsmith,  Chairman New  York,  N.  Y 

E.  Leon  Chaffee Cambridge,  Mass. 

George  H.  Clark Washington,  D.  C. 

Melville  Eastham Cambridge,  Mass. 

John  V.  L.  Hogan Brooklyn,  N.  Y. 

Sir  Henry  Norman London,  England 

WiCHi  Torikata Tokyo,  Japan 

SPECIAL  COMMITTEES 

COMMITTEE  ON  INCREASE  OF  MEMBERSHIP 

Warren  F.  Hubley,  Chairman Newark,  N.  J. 

J.  W.  B.  Foley Port  Arthur,  Texas 

Lloyd  Espenschied New  York,  N.  Y. 

John  V,  L.  Hogan Brooklyn,  N.  Y. 

David  Sarnoff New  York,  N.  Y. 


The  Institute  of  Radio  Engineers 
announces  with  regret  the  death  of  Messrs. 

lEJiuiarJi  31.  laaktn 

aiug  i£.  iHorae 

Wtllmm  i.  Hoo^rurk 

Edward  J.  Baskin  was  born  in  Lynn,  Massachusetts  in  1899.  He 
was  a  graduate  of  the  Chelsea  Grammar  School,  the  Northeastern 
Preparatory  School,  the  Eastern  Radio  School,  and  the  Gillespie  Avia- 
tion School  of  Boston.  During  1917  he  was  employed  as  operator  on 
coastwise  ships  plying  to  the  West  Indies  by  the  Marconi  Wireless 
Telegraph  Company  of  America.  In  1918  he  enlisted  in  the  Naval 
Reserve,  Aviation  Section.  After  being  stationed  at  Charleston,  South 
Carolina,  he  contracted  pneumonia,  and  died  on  October  8,  1918.  He 
was  a  member  of  The  Institute  of  Radio  Engineers. 


Guy  E.  Morse  was  the  son  of  Mr.  and  Mrs.  Ernest  R.  Morse  of 
Kansas  City,  Missouri.  He  was  born  in  1895  at  Wolfville,  Nova 
Scotia,  his  parents  being  then  Canadians.  He  was  a  graduate  of  the 
Kansas  City  public  schools,  and  had  completed  two  years  of  his  studies 
at  the  University  of  Illinois  where  he  was  preparing  himself  for  electrical 
engineering.  He  enlisted  in  the  first  Officers'  Training  Camp,  at  Fort 
Sheridan,  Illinois  in  1917,  and  was  transferred  to  Fortress  Monroe. 
He  was  there  commissioned  as  Second  Lieutenant  in  the  Coast  Artillery, 
and  stationed  at  Key  West.  On  application,  he  was  transferred  to  the 
air  service  as  an  aerial  observer,  and  took  his  ground  training  at  Austin, 
Texas.  In  1918,  he  was  sent  to  France,  and  was  trained  there  at  Saumur, 
Tours,  and  Cazaux,  being  then  attached  to  the  135th  Aero  Squadron. 
In  August,  1918  he  was  sent  to  the  front,  and  was  killed  in  aerial  combat 
at  St.  Mihiel,  September  12,  1918.  He  died  at  the  age  of  twenty  three, 
having  been  cited  for  gallantry  before  his  death.  He  was  well  known 
as  an  excellent  student  and  a  fearless  young  man. 


William  D.  Woodcock  was  born  in  1896.  He  was  graduated  from 
the  Lafayette  High  School,  and  was  a  member  of  the  class  of  1919  in 
analytical  chemistry  at  the  University  of  Buffalo.  Before  the  war. 
he  was  a  well  known  radio  amateur,  a  member  of  an  organization  of 
radio  operators,  a  member  of  The  Institute  of  Radio  Engineers,  holder 
of  a  first  class  communication  license,  and  of  a  special  station  license. 
He  was  the  Buffalo  operator  who  transmitted  the  President's  message 
sent  from  coast  to  coast  on  October  27,  1916.  After  war  was  declared, 
he  enlisted  in  the  Naval  Reserve,  was  sent  to  Great  Lakes  in  1917,  and 
appointed  a  first-class  operator,  first  at  Cleveland,  and  then  at  Buffalo. 
After  several  service  changes,  he  was  made  an  instructor  in  the  Radio 
School  at  Great  Lakes,  and  then  advanced  to  the  radio  laboratory. 
There  he  contracted  pneumonia,  which  caused  his  death. 


RESONANCE  MEASUREMENTS  IN  RADIOTELEG- 
RAPH Y  WITH  THE  OSCILLATING  AUDION* 

By 

Louis  W.  Austin 

(United  States  Naval  Radiotelegraphic  L.\boratory, 
Washington,  D.  C.) 

For  purposes  of  rough  tuning,  many  workers  have  doubt- 
less made  use  of  the  dick  heard  in  the  telephones  of  an  oscil- 
lating audion  circuit  when  it  is  brought  into  resonance  with 
another  circuit  at  proper  coupling.  As  the  resonance  click  has 
apparently  not  been  mentioned  in  any  of  the  publications  on 
radio  frequency  measurements,  it  seems  probable  that  it  is  not 
generally  known  that  this  click  offers  by  far  the  quickest  and 
simplest  means  of  making  nearly  all  measurements  depending 
on  the  determination  of  resonance.  The  accuracy  is  quite  equal 
to  that  obtainable  with  sensitive  thermo-elements,  and  greatly 
superior  to  the  accuracy  of  the  detector  and  telephone  method.^ 

Since  the  audion  circuit  itself  is  not  suited  to  exact  calibra- 
tion, the  substitution  method  is  generally  vised.  The  following 
examples  illustrate  the  procedure: 

Capacity  of  an  Antenna  by  Substitution 

The  antenna  is  loaded  with  inductance  so  as  to  give  a  wave 
length  of  five  to  ten  times  the  fundamental,  then  the  oscillating 
audion  circuit  is  coupled  to  the  antenna  inductance,  and  the 
audion  tuning  condenser  varied  until  a  click  is  heard  in  the 
telephones.  In  general,  if  the  coupling  is  close,  the  click  will  be 
heard  at  different  points  with  increasing  and  decreasing  con- 
denser capacity.  The  coupling  should  then  be  loosened  until 
both  clicks  appear  at  the  same  condenser  setting,  or,  if  this  is 
impossible,  the  mean  setting  is  taken  provided  the  points  are 
less  than  a  degree  apart.  Next,  leaving  the  audion  condenser 
on  the  resonance  point,   the  ground  and   antenna  are   discon- 

*  Received  by  the  Editor,  July  24,  191S. 

^Care  must  be  taken  regardiiiji  harmonics  in  all  measurements  in  which 
bulbs  are  used  for  excitation. 


nected  from  the  antenna  inductance  and  replaced  by  the  cahb- 
rated  variable  substitution  condenser.  This  last  is  adjusted 
to  resonance  with  the  audion  circuit  exactly  as  described  above, 
and  the  capacity  of  the  condenser  is  then  equal  to  that  of  the 
antenna,  subject  to  a  small  correction  for  the  natural  antenna 
inductance. 

Wave  Length  of  a  Distant  Station 

The  receiving  antenna  and  secondary  oscillating  circuit  are 
first  tuned  exactly  to  the  distant  station,  preferably  at  loose 
coupling,  the  audion  tuning  condenser  being  adjusted  to  give 
the  dead  point  of  the  beats  in  the  case  of  continuous  wave  recep- 
tion. Next,  without  changing  anything  in  the  antenna  or 
secondary,  a  wave  meter  is  coupled  to  the  secondary  and  ad- 
justed to  resonance  by  the  click  method.  The  reading  of  the 
wave  meter  gives  at  once  the  wave  length  for  the  sending  station. 

In  a  similar  way,  wave  meters  can  be  compared  and  con- 
densers and  inductances  calibrated,  either  by  substitution  or  by 
making  use  of  the  well-known  relation  existing  between  the 
product  of  inductance  and  capacity  and  the  wave  length. 

Besides  the  simplicity  and  quickness  of  this  method,  it  has 
the  advantage  that  it  does  away  with  the  necessity  for  all  auxil- 
iary apparatus  in  the  wave  meter,  and  enables  measurements 
of  the  highest  accuracy  to  be  taken  on  shipboard  and  in  other 
places  where  the  use  of  sensitive  galvanometers  is  impossible. 

U.  S.  Naval  Radiotelegraphic  Laboratory. 
June,  1918 

SUMMARY:  The  telephone  click  in  an  oscillating  audion  circuit  when  a 
coupled  circuit  is  brought  into  tune  with  it  is  utilized  to  measure  quickly  and 
accurately  antenna  capacity,  wave  length  of  distant  stations,  capacities, 
inductances,  and  wave  lengths. 
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A  BRIEF  TECHNICAL  DESCRIPTION 

OF  THE 

NEW  SAN  DIEGO,  PEARL  HARBOR,  AND  CAVITE 
HIGH  POWER  NAVAL  RADIO  STATIONS* 

(Supplementing  Captain  Bullard's  Paper) 

By 

Leonard  F.  Fuller 

(Chief  Electrical  Engineer,  Federal  Telegraph  Company) 

As  mentioned  in  Captain  Bullard's  article,  11,000-volt, 
3-phase,  60-cycle  power  will  be  delivered  to  the  new  San  Diego 
high  power  radio  station.  The  power  equipment  is  being  manu- 
factured by  the  General  Electric  Company  and  will  consist  of 
the  usual  oil  switches,  switchboards,  and  motor-generators  used 
in  power  work. 

The  motor-generators,  which  are  in  duplicate,  will  be  2-unit, 
4-bearing  sets,  consisting  of  300  horse-power,  1,200  revolutions 
per  minute,  2,200-volt,  3-phase,  60-cycle,  squirrel  cage  induction 
motors,  direct  connected  to  200  kilowatt,  1,200  revolutions  per 
minute,  950-volt,  compound  wound,  direct  current  generators 
with  2-kilowatt,  125-volt,  over-hung  exciters. 

The  temperature  rises  of  the  motors  will  be  40°  C.  for  con- 
tinuous full  load  operation  and  not  over  55°  C.  for  a  continuous 
series  of  duty  cycles  of  L5  hours  on  and  1  hour  off  at  125  per 
cent,  of  load. 

The  generator  temperature  rises  will  be  40°  C.  for  con- 
tinuous full  load  operation  and  not  over  55°  C.  for  a  continuous 
series  of  duty  cycles  of  1.5  hours  on  and  1  hour  off  at  250  kilowatt 
output.  The  sets  as  a  whole  can  withstand  a  100  per  cent, 
overload  for  short  periods. 

Duplicate  14-kilowatt,  125-volt,  direct  current,  motor- 
generators  with  a  complete  set  of  spare  parts  will  be  installed 
also,  for  furnishing  power  for  plant  auxiliaries. 

The  Federal-Poulsen  arc  converter  will  be  of  the  oil-immersed, 
water-cooled  type  capable  of  furnishing  150  amperes  radiation 
continuously,  and  170  amperes  for  periods  of  1.5  hours  on  and 
1.5  hours  off.  The  temperature  rises  will  be  10°  C.  and  50°  C. 
respectively  for  all  current-carrjdng  or  electrical  parts. 

*  Received  l)y  the  Editor,  May  20,  191G. 
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At  Pearl  Harbor,  power  will  be  supplied,  as  Captain  Bullard 
states,  at  2,200  volts,  3-phase,  60  cycles.  This  plant  is  similar 
to  that  at  San  Diego  but  of  higher  power.  The  large  motor- 
generators  are  provided  in  duplicate  with  a  complete  set  of 
spare  parts  including  spare  armatures.  They  are  2-unit,  4-bear- 
ing  sets,  manufactured  by  the  General  Electric  Company,  con- 
sisting of  750  horse-power,  900  revolutions  per  minute,  2,200- 
volt,  3-phase,  60-cycle,  wound  rotor,  induction  motors,  direct 
connected  to  500  kilowatt,  900  revolutions  per  minute,  1,430- 
volt,  compound  wound,  direct  current  generators  with  3-kilo- 
watt,  125-volt,  compound  wound,  over-hung  exciters. 

The  temperature  rises  of  both  motors  and  generators  will 
be  50°  C.  on  a  continuous  series  of  duty  cycles  of  2  hours  on  and 
1  hour  off.  High  voltage  direct  current  switchboards  and  con- 
trol apparatus  of  a  type  used  in  electric  railway  work  will  be 
provided. 

The  Federal-Poulsen  arc  converter  will  be  of  the  oil-im- 
mersed, water-cooled  type,  capable  of  furnishing  200  amperes 
radiation  continuously  and  250  amperes  for  periods  of  1.5  hours 
on  and  1.5  hours  off  with  temperature  rises  of  40°  C.  and  50°  C. 
as  specified  for  San  Diego. 

On  account  of  the  oil  immersion  and  water  cooling  of  all 
coils  and  arc  converter  windings,  this  tj^pe  of  apparatus  is  ex- 
tremely rugged  and  reliable.  The  arc  transforms  or  converts 
the  1,500-volt  direct  current  power  into  radio  frequency  energy 
without  the  use  of  rotating  parts  or  radio  frequency  magnetic 
circuits. 

The  antenna  loading  coil  w^ill  be  of  litzendraht  cable  sup- 
ported entirely  by  porcelain.  This  cable  will  be  1.75  inches 
(4.45  cm.)  in  diameter,  and  the  loading  coil  diameter  will  be 
14  feet  (4.26  m.). 

The  wave  changer  will  be  of  the  rotary  type  capable  of 
throwing  the  plant  onto  any  one  of  five  wave  lengths  when 
operating  at  full  power.  This  feature  holds  for  San  Diego  and 
Cavite  as  well  as  Pearl  Harbor  and  in  all  three  the  usual  antenna 
grounding  switches,  transfer  switches,  etc.,  will  be  provided. 

The  generating  equipment  at  Cavite  will  be  identical  with 
that  at  Pearl  Harbor  except  that  the  power  supply  will  be  220- 
volt  direct  current  and  no  over-hung  exciter  will  be  used.  The 
500-kilowatt,  1,500-volt,  generator  excitation  will  be  supplied 
from  the  220-volt  direct  current  buses.  At  both  Pearl  Harbor 
and  Cavite,  special  insulation  and  fittings  for  tropical  conditions 
will  be  provided. 
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The  arc  and  the  remainder  of  the  radio  set  at  Cavite  will  be 
in  every  way  identical  with  that  at  Pearl  Harbor. 

The  arcs  at  Pearl  Harbor  and  Cavite  will  be  approximately 
9  feet  2.5  inches  (2.81  m.)  by  7  feet  4  inches  (2.23  m.)  wide 
by  12  feet  (3.66  m.)  long,  and  will  each  weigh  approximately 
60  tons  (54,000  kg.)  under  operating  conditions.  The  San 
Diego  arc  is  somewhat  smaller  and  will  weigh  21  tons  (19,000 
kg.)  under  operating  conditions.  The  larger  arcs  will  present 
an  outside  appearance  very  similar  to  certain  types  of  vertical 
shaft  hj'dro-electric  generators. 

San  Francisco,  California,  May  12,  1916. 

SUMMARY:  The  new  high  power  Federal-Poulsen  arc  stations  of  the 
United  States  Navy  are  described  briefly.  The  motor-generator  sets,  tem- 
perature rises,  field  excitation,  and  operating  characteristics  are  given.  The 
arc-converter,  antenna  loading  inductance,  and  wave  changing  switch  are 
described  shortly. 

(The  distance  from  Cavite,  Philippine  Islands  to  Pearl  Harbor,  Hawaii, 
is  5,300  miles  (8,.500  km.),  from  Pearl  Harbor  to  San  Diego  2,600  miles  (4,200 
km.),  and  from  Cavite  to  San  Diego  7,800  miles  (12,500  km.),  altogether  over 
water.  The  approximate  power  used  to  cover  4,000  kilometers  is  70  kilowatts 
in  the  antenna,  and  for  8,500  kilometers  is  160  kilowatts.  The  former  value 
may  be  compared  with  that  given  by  Mr.  John  L.  Hogan,  Jr.,  on  page  419 
of  the  October,  1916,  issue  of  the  Proceedings,  namely  72  kilowatts. — 
Editor)  . 
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HYSTERESIS  AND  EDDY-CURRENT  LOSSES  IN  IRON 
AT  RADIO  FREQUENCIES* 

By 

Christian  Nusbaum 

(Jefferson  Physical  Laboratory,  Harvard  University,  Cambridge, 
Massachusetts) 

Introduction 

The  study  of  the  heat  losses  due  to  hysteresis  and  eddy- 
currents  in  iron,  when  subjected  to  an  oscillating  magnetic  field, 
is  of  practical  interest  in  radio  telegraphy  and  radio  telephony. 
In  this  paper  will  be  described  a  calorimetric  method  for  the 
determination  of  these  losses,  in  a  certain  specimen  of  soft  iron, 
at  frequencies  between  the  limits  of  150,000  and  1,000,000 
cycles  per  second,  and  the  results  obtained  by  this  method  of 
measurement  will  also  be  stated. 

Various  methods  of  measurement  were  used  by  previous 
investigators  for  the  determination  of  these  losses,  and  the 
results  obtained  are  quite  at  variance  with  each  other.  The 
results  of  Warburg  and  Honig,^  Tanakadate,-  and  Weihe''  indi- 
cate that  the  loss  per  cycle,  at  frequencies  of  three  cycles  and 
sixty  cycles  per  second,  is  less  than  for  static  magnetization. 
The  results  of  Hopkinson,*  Maurain,^  Gray,"  and  Guye  and 
Herzfeld'^  indicate  that  the  loss  per  cycle  is  independent  of  the 
frequency,  while  those  of  Steinmetz,^  Niethammer,^  M.  Wien,'" 
Krogh  and  Rikla,^^  Dina,^^  and  Corbino,^^  lead  to  the  conclusion 
that  the  loss  per  cycle  increases  with  the  frequency. 

♦Received  bv  the  Editor,  July  10,  1918. 

1  Warburg  and  Honio;,  Wied.  Ann.,  20,  p.  814,  1883. 

^Tanakadate,  A.,  Phil.  Mag.,  28,  p.  207,  1889. 

3Weihe,  F.  A.,  Wied.  Ann.,  61,  p.  578,  1897. 

^Hopkinson,  Elektrotechn.  Zeit.schr.,  18,  p.  642. 

^Maurain,  C,  Eel.  Electr.,  15,  p.  499,  189S. 

«Gray,  Phil.  Trans.  174  A,  p.  351. 

7 Guye  and  Herzfeld,  Compt.  Rend.,  136,  p.  957,  1903. 

^Steinmetz,  Elektrotechn.  Zeitschr.,  13,  p.  957. 

9Niethammer,  Wied.  Ann.,  66,  i).  29,  1898. 
"Wien,  M.,  Wied.  Ann.,  66,  p.  859,  1898. 
"Rikla  and  Krogh,  lOlektrotechn.  Zeitschr..  ]).  1083,  1900. 
i^Dina,  A.,  Elektrotechn.  Zeitschr.,  p.  41,  1902. 
I'Corbino,  O.  M.,  Atti.  Assoc.  Electr.,  Ital.,  1903. 


Alexanclerson/^  using  a  radio  frequency  generator,  obtains 
results  which  max  be  stated  as  follows:  (1)  that  the  permeability 
is  the  same  at  high  as  at  low  frequencies,  and  (2)  that  a  higher 
induction  than  1,200  hnes  per  square  centimeter  cannot  be 
reached  on  account  of  the  "shielding  effect"  due  to  eddy-currents. 
The  loss  per  cycle  is  less  for  higher  than  for  lower  frequencies, 
the  observations  extending  from  40,000  to  200,000  cycles  per 
second.  Recently,  Fassbender  and  Hupka^'^  outlined  an  experi- 
mental method  for  the  determination  of  the  permeability  and 
the  form  of  the  hysteresis  cj^cle  for  very  high  frequencies.  Pre- 
liminary observations  clearly  show  the  change  in  the  form  of 
the  hj'steresis  cj'cle  due  to  the  "shielding  effect"  of  eddy-currents. 
The  results  also  show,  that  even  for  a  frequency  of  200,000 
cycles  per  second,  it  is  impossible  to  obtain  wire  of  sufficiently 
small  diameter  to  prevent  disturbing  effects  due  to  eddj'-currents. 

Method  and  Apparatus 

If  an  undamped  oscillatory  current  is  sent  thru  the  winding 
of  a  toroid  containing  a  core  of  soft  iron  wires,  the  iron  core  will, 
during  each  oscillation,  pass  thru  a  complete  hj'steresis  loop. 
On  the  other  hand,  if  the  current  is  damped,  however  little, 
there  will  be  a  series  of  non-closed  hysteresis  loops  for  each  train 
of  oscillations.  The  rapid  change  in  the  magnetic  induction 
will  induce  eddy-currents,  which  in  turn  cause  a  non-uniform 
distribution  of  the  magnetic  flux  thru  the  cross-section  of  the 
iron.  These  processes  manifest  themselves  in  heat,  and  are 
generally  designated  as  "heat  losses." 

For  the  purpose  of  the  measurement  of  these  losses,  two  toro- 
ids,  both  being  alike  in  every  respect  except  that  only  one  contains 
a  specimen  of  the  iron  the  losses  of  which  are  to  be  determined, 
are  connected  in  series  with  each  other  in  the  secondary  of  an 
oscillating  circuit.  In  Figure  1,  Tg  and  T,  respectively,  represent 
the  toroids  without  and  with  iron.  Each  of  these  toroids  is 
placed  in  a  separate  calorimeter.  If  the  heat  capacity  of  the 
calorimeters,  as  well  as  of  the  toroids,  is  the  same,  and  the  /-  R 
losses  in  the  winding  of  the  two  toroids  are  equal,  then  the 
heat  produced  by  the  iron  specimen  in  one  calorimeter  may  be 
balanced  in  the  other  one  b}-  means  of  a  direct-current  heating 
coil  (HC,  Figure  1). 

Each  calorimeter  consists  essentially  of  two  parts,  an  inside 
vessel  Cj,  Figure  2,  and  an  outside  one,  Cg.     The  inside  vessel 

"Alexanderson,  Elektrotechn.  Zeitschr.,  32,  p.  107S,  1911. 
^'Fassbender  and  Hupka,  Jahrbuch  der  Drahtlosen,  Telephonic  und  Tele- 
graphic., 6,  p.  1.33,  1913. 
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is  supported  by  the  brass  cones  c  and  the  ebonite  disc  r,  and 
separated  from  the  outside  vessel  by  an  air  space  and  the  three 
equally-spaced  insulators  i,  only  one  of  which  is  shown  in  the  draw- 
ing. Both  vessels  have  their  entire  surfaces  nickel-plated  and 
polished.  By  such  an  arrangement  the  loss  of  heat  b}'  conduc- 
tion and  radiation  is  reduced  to  a  minimum.  The  cover  of  each 
calorimeter  is  fitted  to  the  outside  vessel  by  a  ground  joint,  and 
is  provided  with  six  vertical  tubes.     The  central  tube,  1,  admits 


Figure  1 — Diagram  of  Connections 


one  end  of  the  thermo-pile;  tubes,  2,  admit  the  supports  for  the 
stirrers,  s,  and  tul)es,  3,  the  leads  to  the  toroids.  The  remaining 
tube,  4,  admits  the  leads  of  the  direct-current  heating  coil  which 
is  placed  in  the  calorimeter  containing  the  toroid  without  iron. 
Each  lead  wire  is  carefulh'  insulated  from  the  tube  which  admits 
it.  The  stirrer  in  each  calorimeter  consists  of  two  parallel 
discs,  equal  in  diameter  and  held  together  by  four  ujirights. 
Each  disc  has  a  series  of  circular  openings  arranged  in  the  form 
of  a  circle.  Its  internal  diameter  is  large  enough  easily  to  permit 
motion  of  the  stirrers  past  the  toroid,  which  is  supported  in  the 
central  portion  of  the  calorimeter.  Both  of  the  calorimeters 
are  mounted  on  a  common  base  and  entirely  immersed  in  a  bath 
of  kerosene,  so  that  the  liquid  surface  is  above  the  ground  joints 


but  below  the  upper  ends  of  the  vertical  tubes.  The  tempera- 
ture of  this  external  bath  is  maintained  approximately  the  same 
as  that  of  the  calorimetric  liquid  within  the  calorimeters  by- 
means  of  a  heating  coil  and  stirring  apparatus.  The  turns  of 
the  toroids  are  wound  on  two  glass  c^dinders,  about  four  cen- 
timeters (1.6  inch)  in  diameter  and  one  centimeter  (0.4  inch)  in 
width,  both  cylinders  having  been  cut  from  the  same  glass  tubing. 


Figure  2 — Diagram  of  Calorimeter 


Around  one  of  these  cylinders  the  specimen  of  soft  iron  wire  had 
been  previously  wound  in  the  form  of  a  helix  of  small  pitch. 
With  this  type  of  core  the  individual  turns  of  the  specimen  arc 
well  insulated  from  each  other  and  their  direction  is  nearly 
parallel  to  the  direction  of  the  magnetic  field.  A  small  quantity 
of  iron  is  used  in  order  that  the  inductance  due  to  the  presence 
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of  the  iron  shall  be  a  small  fraction  of  the  total  inductance  of 
the  secondary  circuit,  and  that  there  may  not  be  an  excessive 
rise  in  temperature  within  the  calorimeter. 

The  heating  coil,  made  from  number  30  constantan  wire,* 
is  wound  non-inductively  on  an  ebonite  support.  The  current 
thru  the  coil  can  be  varied  by  "taking  off  potentials"  from  the 
potentiometer  PC,  Figure  1.  The  ammeter  /  is  in  the  circuit 
of  the  heating  coil,  and  the  voltmeter  is  connected  across  its 
terminals. 

To  test  for  the  equality  of  temperature  between  the  two  cal- 
orimeters, a  thermo-pile  consisting  of  12  copper-constantan  junc- 
tions is  used.  These  junctions  are  arranged  in  two  groups  of 
six  junctions  each.  With  such  an  arrangement  the  two  groups 
may  be  balanced  against  each  other  and  thus  the  circuit  tested 
for  stray  electromotive  forces.  To  reduce  the  latter  to  a  mini- 
mum all  terminal  contacts  are  of  copper,  as  well  as  all  switches, 
and  the  lead  wires  are  well  sheathed  and  protected. 

The  Chaffee  ^^'  ^^  gap,  used  as  the  source  of  the  oscillations, 
possesses  the  especial  advantage  of  not  only  producing  con- 
tinuous oscillations  of  a  definite  wave  form  at  radio  frequencies, 
but  also  of  operating  in  such  a  manner  that  the  oscillogram  of 
its  current  wave  can  readily  be  obtained.  On  account  of  its 
method  of  operation,  the  damping  of  the  current  is  generally 
very  small.  It  consists,  essentially,  of  an  aluminum  cathode 
and  an  anode  of  copper,  both  terminals  being  surrounded  by  an 
atmosphere  of  hydrogen.  The  general  diagram  of  the  circuit 
is  shown  in  Figure  1.  The  primary  circuit  consists  of  an  e  m  f. 
of  500  volts,  direct-current,  connected  in  series  with  a  variable 
resistance  R,  two  choke  coils  Li,  the  gap  G,  and  two  variable 
inductances  L'  and  L^.  In  parallel  with  the  inductances  L 
and  Lo  and  the  gap  itself  is  placed  a  variable  condenser  Ci. 
The  secondary  circuit  consists  of  the  variable  inductance  L2, 
air  condenser  C2,  hot-wire  ammeter  I2,  the  two  toroids  T 
and  To,  and  the  magnetic  deflecting  coil  M.  The  variable 
inductance  L'  of  the  primary  and  the  variable  inductance  L2 
of  the  secondary  circuit  form  a  closely  connected  oscillation 
transformer.  The  linkages  of  the  primary  thru  the  secondary 
may  be  changed  by  varying  the  number  of  turns  of  the  primary 
inductance.  The  Braun  tube  is  used  in  this  experiment  to  indi- 
cate the  condition  of  complete  syntony  between  the  primary  and 

*Diameter  of  number  30  wire  =  0.0100  incli  =0.02.")  cm. 
"Chaffee,  E.  L.,  Proc.  Am.  Acad.  Arts  ami  Sci.,  47,  p.  267,  1911. 
'' Washington,  Bowden,  Proc.  In.st.  Radio  Engrs.,  4,  p.  341,  1916. 

19 


the  secondary  circuits,  and  also  to  indicate  the  form  of  the  cur- 
rent wave  in  the  secondary  circuit.  The  terminals  of  the  primary 
capacity  Ci  are  connected  to  the  electrostatic  plates  of  the  tube. 
The  magnetic  deflecting  coil  M,  Figure  1,  is  a  part  of  the  second- 
ary circuit,  and  is  used  to  deflect  the  cathode  beam  at  right 
angles  to  the  deflection  of  the  electrostatic  field. ^^  This  coil 
consists  of  sixteen  turns  of  annunciator  wire  (number  18,  cotton 
covered*),  half  of  the  turns  being  on  opposite  sides  of  the  tube. 
Electrostatic  deflection  of  the  cathode  beam  by  the  coil  is  avoided 
by  completely  surrounding  the  tube  inside  the  coil  by  a  split 
solenoid. ^^  The  fluorescent  screen  F  S,  Figure  1,  made  from 
finely  powdered  calcium  tungstate,  was  used  for  visual  obser- 
vation and  for  photographic  purposes,  and  was  found  very  sat- 
isfactory. The  camera  used  in  photographing  the  oscillogram 
was  placed  below  the  screen,  so  that  its  axis  coincided  with  the 
axis  of  the  tube.  By  this  arrangement  distortion  of  the  picture 
of  the  oscillogram  is  prevented. 

Method  of  Operation  and  Procedure 
The  operation  of  the  gap  can  be  most  readily  understood  by 
tracing  the  sequence  of  phenomena  from  the  instant  at  which 
the  system  is  started.  When  the  potential  of  the  primar}^  con- 
denser Ci  has  attained  a  value  sufficient  to  break  down  the  high 
resistance  of  the  gap,  the  discharge  of  Ci  and  the  main  current 
lo  rush  across  the  gap  and  thru  the  primary  inductance  L  . 
After  the  discharge,  the  main  current  remains  constant  and 
flows  into  Ci  at  a  practically  constant  rate,  neutralizing  the  in- 
verse charge  on  the  condenser  and  charging  it  again  in  the  initial 
direction.  The  secondary  thus  receives  periodic  impulses  from 
the  primary.  The  frequency  of  these  impulses  depends  on  the 
main  current  and  the  capacity  in  the  primary  circuit,  and  not 
on  the  duration  of  the  discharge.  During  the  intervals  between 
the  successive  discharges  of  the  primary  circuit,  the  secondary 
circuit  oscillates  with  its  own  free  period  and  with  a  clamping 
determined  wholly  by  the  conditions  existing  in  it.  The  ampli- 
tude of  the  oscillations  can  be  maintained  nearly  constant  b}- 
making  the  primary  impulses  occur  at  every  three  or  four  oscilla- 
tions of  the  secondary.  Since  the  primary  condenser  charges 
up  at  a  uniform  rate,  if  its  terminals  are  connected  to  the  electro- 

*Diameter  of  niunber  18  wire  =0.0403  inch  =0.102  cm. 

^^As  drawn,  the  coil  is  in  the  plane  of  the  paper  and  the  deflection 
caused  by  it  would  be  parallel  to  the  deflection  produced  bv  the  electrostatic 
field. 

1^  Chaffee,  E.  L.,  above  reference. 
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static  plates  of  the  Braun  tube,  and  the  oscillatory  current  in 
the  secondary  is  run  thru  the  magnetic  deflecting  coil,  an  oscillo- 
gram will  be  obtained  on  the  fluorescent  screen.  This  oscillo- 
gram indicates  the  wave  form  of  the  secondary-  current,  and  also 
shows  the  number  of  its  oscillations  for  each  discharge  of  the 
primary. 

Preparatory  to  the  taking  of  a  set  of  observations,  the  capacity 
of  the  secondary  circuit  is  varied  until  its  frequency  of  oscillation 
has  the  value  at  which  one  wishes  to  make  an  observation.  If 
the  two  circuits  are  not  in  syntony,  the  constants  in  the  primary 
are  varied  until  such  condition  is  attained.  The  primary  capac- 
ity is  generally  kept  as  large  as  possible,  consistent  with  the 
energy  to  be  transmitted  and  the  number  of  oscillations  of  the 
secondary  for  each  discharge  of  the  primary.  The  current  in 
the  secondary  is  varied  by  changing  the  linkages  between  the 
inductances  h'  and  Li.  During  a  set  of  observations  for  a  given 
frequency,  generally,  the  inductance  Li  is  not  altered,  but  the 
number  of  linkages  changed  only  by  varj^ing  the  number  of 
turns  of  the  inductance  L' .  Since  L'  is  used  as  one  side  of  a 
variable  transformer  it  is  convenient  to  have  an  additional 
variable  inductance  L^  in  the  primary. 

The  number  of  oscillations  of  the  secondary  per  second  is 
determined  by  means  of  a  wave  meter.  The  resonance  between 
the  secondary'  circuit  and  the  wave  meter  was  in  most  of  the 
observations  very  sharp. 

In  the  taking  of  any  given  observation,  the  current  thru  the 
direct-current  heating  coil  is  varied  until  the  rate  of  rise  of  tem- 
perature in  the  two  calorimeters  is  the  same,  as  indicated  by  zero 
deflections  of  the  galvanometer  in  the  thermo-pile  circuit,  if  the 
calorimeters  are  at  the  same  temperature,  or  by  a  constant 
deflection  of  the  galvanometer  if  the  calorimeters  are  at  a  slightly 
different  temperature.  Generally,  two  preliminary  observations 
are  taken,  one  which  will  give  a  more  rapid  rise  of  temperature 
in  the  calorimeter  with  the  heating  coil,  and  a  second  which  will 
give  a  less  rapid  rise  of  temperature.  By  interpolating  between 
these  two  values  of  the  current,  a  new  and  more  accurate  value 
can  now  be  obtained.  The  calorimeters  are  then  brought  to 
the  same  temperature,  the  current  set  at  the  interpolated  value, 
and  the  observation  again  repeated.  If  it  is  satisfactory',  the 
heat  developed  bj^  the  heating  coil  in  one  calorimeter,  and  by  the 
specimen  of  iron  in  the  other  calorimeter,  can  be  calculated  from 
the  readings  of  the  ammeter  and  voltmeter  in  tiie  heating  coil 
circuit. 
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Data,  Results,  Errors  and  Conclusions 
The  galvanometer.  Go,  Figure  1,  used  in  the  thermo-pile  cir- 
cuit was  a  high  resistance  D'Arsonval  instrument.  Tho  it  was 
not  especiallj^  adapted  for  thermo-pile  work,  and  for  the  particu- 
lar junctions  used,  j^et  a  difference  of  temperature  of  0.004°C. 
between  the  two  calorimeters  could  be  read  directly,  when  the 
scale  was  at  a  distance  of  two  meters  (78.7  inches)  from  the  gal- 
vanometer. During  any  given  set  of  observations,  there  was  in 
the  majority  of  cases  a  rise  of  from  4  to  6  degrees  within  each 
calorimeter. 

The  thermal-junctions  were  arranged  in  two  sets  of  six  pairs 
each.  By  such  an  arrangement,  even  tho  the  calorimetric  fluids 
were  at  different  temperatures,  there  should  be  no  deflection  of 
the  galvanometer  if  the  two  sets  were  opposed  to  each  other, 
provided  there  is  no  other  source  of  emf.  in  the  circuit.  At 
the  beginning  of  ever}^  set  of  observations,  the  two  sets  of  thermal- 
junctions  were  balanced  against  each  other,  as  well  as  at  the  end 
of  each  set  of  observations. 

The   hot-wire   ammeter   Ii,   in   the   secondary   circuit,    was 


Plate  1 
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calibrated  by  comparison  with  direct-current  values.  In  the 
calibration  it  was  assumed  that  the  resistance  of  the  hot-wire 
ammeter  does  not  vary  appreciably  with  the  frequency',  so  that 
the  calibration  curve  will  hold  equally  well  for  radio  and  for 
audio  frequencies.  This  condition  holds  only  when  the  wire 
of  the  ammeter  is  not  more  than  0.35  mm.  (0.014  inch)  in  diam- 
eter. To  serve  as  a  check,  comparisons  were  made  on  the 
Braun  tube  between  the  deflections  produced  by  a  direct- current 
of  a  given  value  and  that  produced  by  a  radio  frequency  current. 
Figure  4  of  Plate  1  shows  such  a  comparison.  The  central  spot 
indicates  zero  deflection. 

The  volume  of  the  specimen  of  iron  on  the  toroid  T  is  0.0298 
cc.  (0.0019  cu.  inch).  Both  toroids  are  4.078  cm.  (1.61  inch)  in 
diameter  and  the  current-bearing  winding  of  each  consists  of 
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AMPERE  -  TURNS. 
Figure  3 — Curves  Showing  Heat  Developed  in  Watts  Per  Co.  Plotted 
Against  the  "Effective  Ampere-turns  Per  Centimeter" 

Curve  1,  1,000,000  cycles 


5.50,000 
300,000 
150,000 


72.5  turns.  The  term  "effective  ampere-turns  per  centimeter" 
is  used  to  designate  the  product  N  I,  where  A^  is  the  number  of 
turns  per  centimeter  in  the  toroids  and  /  the  "square-root  mean- 
square"  values  of  the  current  as  indicated  by  the  hot-wire 
ammeter. 

Figure  3  represents  the  results  of  Table  I.  The  "effective 
ampere-turns  per  cm."  as  abscissas  are  plotted  against  the  heat 
developed  in  watts  per  cc.  as  ordinates  for  the  various  fre- 
quencies. 


TABLE  I 

Current  Values 


Deflection 

Square- 

Effective 

Energy 

Energy- 

of 

root  mean- 

ampere- 

developed 

developed 

Frequency 

hot-wire 

square 

turns 

in 

in  watts 

ammeter 

values 

per  cm. 

watts 

per  cc. 

2.20 

0.266 

1.505 

0.359 

11.97 

1,000,000 

4.00 

.433 

2.451 

.790 

26.33 

1,000,000 

5.00 

.526 

2.977 

1.112 

37.07 

1,000,000 

6.20 

.638 

3.611 

1.776 

59.20 

1,000,000 

1.60 

.207 

1.172 

0.184 

6.13 

550,000 

3.60 

.395 

2.236 

.528 

17.60 

550,000 

5.20 

..545 

3.085 

.974 

32.47 

550,000 

6.10 

.629 

3.560 

1.349 

44.97 

550,000 

7.10 

.724 

4.097 

1.850 

61.67 

550,000 

3.40 

.376 

2.128 

0.390 

13.00 

300,000 

4.50 

.479 

2.711 

9.626 

20.87 

300,000 

5.60 

.582 

3.294 

0.908 

30.27 

300,000 

6.20 

.638 

3.617 

1.089 

36.30 

300,000 

7.20 

.733 

4.148 

1.496 

49.87 

300,000 

1.60 

.207 

1.172 

0.101 

3.35 

150,000 

3.40 

.376 

2 .  128 

0.259 

8.65 

150,000 

4.50 

.479 

2.711 

0.404 

13.45 

150,000 

6.20 

.638 

3.611 

0.709 

23.65 

150,000 

7.20 

.733 

4.148 

0.937 

31.25 

150,000 

In  Table  II  are  given  the  heats  developed  in  ergs  per  cycle  per  cc. , 
for  definite  values  of  the  "effective  ampere-turns  per  cm."  These 
values  are  represented  by  the  graphs  of  Figure  4. 

Plate  I  shows  the  current-wave  forms  for  various  frequencies. 
The  current  in  the  secondary  is  thus  not  undamped,  but  the 
value  of  the  damping  can  be  made  very  small  by  making  the 
primary  impulses  take  place  at  every  four  or  five  oscillations  of 
the  secondary.     This  quantity  is  called  by  Chaffee  -°  the  "in- 

^'' Chaffee,  E.  L.,  previous  reference. 


TABLE  II 


Effective 

ampere-turns 

per  cm. 

Energy 
developed 
in  watts 

per  cc. 

Energy 
developed  in 
ergs  per  cycle 

per  cc. 

Frequency 

1 
2 
3 

4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

2.13 

7.42 

16.46 

29.45 

3.73 
11.64 
24.92 
45.70 

5.13 
14.25 
30.42 
58.62 

7.13 
18.50 
37.90 
81.20 

1.42X102 

4.94X102 

10.97X102 

19.60X102 

1.24X102 

3.88X102 

8.31X102 

15.23X102 

0.93X102 

2.59X102 

5.53X102 

10.66X102 

0.71X102 
1.85X102 
3.79X102 
8.12X102 

1.50,000 
1.50,000 
150,000 
150,000 

300,000 
300,000 
300,000 
300,000 

550,000 
550,000 
5.50,000 
5.50,000 

1,000,000 
1,000,000 
1,000,000 
1,000,000 

verse  charge  frequency."  The  value  of  this  constant  was  5 
thruout  the  entire  experiment.  Table  III  gives  the  values  of  the 
frequency  for  the  different  figures  of  Plate  I. 


TABLE  III 


Figure 1           |           2 

3                     4 

Frequency 150,000          550,000 

300,000         1,000,000 

Tests  were  made  for  the  relative  heat  capacities  of  the  calori- 
meters, differences  of  heat  losses  of  the  calorimeters  due  to 
radiation  and  losses  due  to  heat  conduction  along  the  leads,  and 
relative  P  R  losses  in  the  windings  of  each  toroid. 

These  tests  were  made  by  sending  a  direct-current  of  con- 
stant value  thru  the  windings  of  the  two  toroids  and  then  observ- 
ing the  difference  of  the  rate  of  increase  in  temperature  between 
the  two  calorimeters.  These  tests  indicated  that  the  errors 
thus  introduced  were  in  the  majority  of  the  observations  less 
than  one-tenth  of  one  per  cent.  The  largest  errors  entering 
into  the  observations  are  the  variations  of  the  current  values 
in  the  secondary  circuit.  During  the  time  of  an  entire  set  of 
observations  the  current  may  vary  from  three  to  five  per  cent, 
of  its  mean  value. 
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Figure  4— Curves  Showing  the  Heat  Developed  in  Ergs  Per  Cycle  Per 
CC.  Plotted  Against  the  Frequency 

Curve  1,  4  "effective  ampere-turns  per  cm." 
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The  results  of  the  experiment  show  that  the  heat  developed 
per  cycle  by  magnetic  hysteresis  and  eddy-currents  in  iron  de- 
creases with  an  increase  in  the  frequency  of  the  oscillating  mag- 
netic field.  This  fact  indicates  a  decrease  of  the  magnetic  in- 
duction on  account  of  the  "shielding-effect"  produced  by  the 
eddy-currents. 

Jefferson  Physical  Laboratory, 
Harvard  University, 
June  1,  1918. 

SUMMARY:  After  reviewing  the  bibliography  of  heat  losses  per  cycle  at 
various  frequencies,  the  author  describes  a  comparison  calorimetic  method 
whereby  the  losses  in  the  soft  iron  wire  core  of  a  toroid  are  measured  (against 
a  similarly  wound  toroid  without  an  iron  core).  The  Chaffee  gap  radio  fre- 
quency generator  is  used.  Braun  tube  oscillograms  of  the  cycle  are  shown, 
together  with  experimental  data  on  the  iron  losses.  It  is  found  that  the  loss 
per  cycle  decreases  as  the  frequency  increases. 
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THE  MEASUREMENT  OF  RADIO  FREQUENCY  RESIS- 
TANCE, PHASE  DIFFERENCE,  AND  DECREMENT* 

By 

J.  H.  Dellinger 

(Associate  Physicist,  Bureau  of  Standards,  Washington,  D.  C.) 

Various  methods  of  measuring  radio  (high)  frequency  resis- 
tances, the  power  factor  or  phase  difference  of  radio  condensers, 
the  sharpness  of  a  resonance  curve,  and  the  decrement  of  a  wave 
have  been  given.  It  is  proposed  in  this  paper:  (1)  to  show  that 
these  quantities  all  express  essentially  the  same  physical  magni- 
tude and  hence  a  single  process  of  measurement  gives  them  all; 
(2)  to  derive  and  classif}^  the  methods  of  measurement;  (3)  to 
describe  improvements  in  these  measurements. 

Relations  of  the  Quantities 
The  principal  difference  between  the  phenomena  of  radio 
(high)  and  audio  (low)  frequency  is  the  importance  of  capacity 
and  inductance  at  radio  frequency  as  compared  with  the  pre- 
dominance of  resistance  in  audio  frequency  phenomena.  Never- 
theless, resistance  is  the  measure  of  power  consumption,  since 
any  dissipation  or  loss  of  electrical  power  is  expressible  in  terms 
of  a  resistance.  Furthermore,  resistances  change  rapidlj'  with 
frequency  at  radio  frequencies.  The  change  can  be  calculated 
for  certain  very  simple  cases,  but  in  most  practical  cases  the 
resistance  can  be  determined  only  by  measurement.  Thus  the 
measurement  of  resistance  at  radio  frequencies  is  a  necessary 
and  important  operation. 

Certain  related  quantities  also  express  power  dissipation. 
The  results  of  a  measurement  can  be  expressed  in  terms  of  any 
of  these  quantities  when  their  relations  are  clearly  established. 
In  a  simple  series  circuit,  Figure  1,  when  the  einf.  is  a  sus- 
tained sine  wave,  a  maximum  of  current  is  obtained  when  the 
inductive  reactance  is  just  equal  to  the  capacitive  reactance, 
i.  e.,  when  the  equation 
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reduces  to  1/ 


or 


R 


This  condition  of  resonance  obtains  when 
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For  any  variation  of  either  co,  L,  or  C,  from  this  condition,  as  at 
A  for  the  curves  of  Figure  2,  the  current  is  smaller  than  the  value 
for  which  this  relation  holds. 
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The  phase  angle  of  the  circuit  is  zero  at  resonance  as  shown 
in  Figure  3.  The  expression,  phase  angle  of  the  circuit,  means 
the  same  thing  as  phase  angle  of  the  current  in  the  circuit. 


Figure  3 


The  phase  angle  6  of  the  coil,  considering  the  resistance  R  to 
be  associated  with  the  coil  L,  is  equal  to  the  phase  angle  tl  of 
the  condenser,  considering  the  resistance  to  be  associated  with 
the  condenser.  The  complement  of  the  phase  angle  0  is  the 
phase  difference  yjr.     From  Figure  3, 

tan  yjr  =  — -  =RcoC 
(oL 

When  R  and  "^  are  small,  as  usually  in  radio  circuits,  the  tangent 

equals  the  angle  and 

f^^  =RcoC  (2) 

Phase  difference  is  thus  a  ratio  of  resistance  to  reactance.     It 
follows  also  that  ^  =  sin-^^costi,  or  phase  difference  is  equal 
to  power  factor.     The  same  relation  is  brought  out  by  multi- 
plying in  (2)  by  P. 
,       RP 


or 


yp^  ^ 


coLP- 
RP 
P 
(oC 
=  ratio  of  power  dissipated  to  power  flowing. 
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Thus 

"^  =  power  factor.  (3) 

Another  quantity  of  importance  in  connection  with  the 
expression  of  power  dissipation  is  the  sharpness  of  resonance. 
This  is  the  quantity  which  measures  the  fractional  change  in 
current  for  a  given  fractional  change  in  either  the  capacitive 
or  inductive  reactance  from  its  value  at  resonance.  (Practi- 
cally the  same  quantit}'  has  been  known  as  persistency,  selectivity, 
and  resonance  ratio.)  It  may  be  defined  in  mathematical 
terms  for  a  variation  of  C  by  the  following  ratio 


p- 

\  h' 

-If 

±{Cr- 

-C) 

s= 

c 

where  the  subscript  '  V  denotes  value  at  resonance,  and  h  is  some 
value  of  current  corresponding  to  a  capacity  C  which  differs  from 
the  resonance  value.  The  numerator  of  this  expression  is  some- 
what arbitrarily  taken  to  be  the  square  root  of  the  fractional 
change  in  the  current-square  instead  of  taking  directly  the  frac- 
tional change  of  current.  This  is  done  partly  because  of  the 
convenience  in  actual  use  of  this  expression  (since  the  deflections 
of  the  usual  detecting  instruments  are  proportional  to  the  square 
of  the  current),  and  also  because  of  mathematical  convenience. 
It  is  easily  seen  qualitativelj^  that  sharpness  of  resonance  is 
large  when  phase  difference  is  small;  as  when  R  is  small  com- 
pared with  (oL,  a  given  fractional  change  in  ojL  changes  the  im- 
pedance, and  therefore  the  current,  by  a  relatively  large  fractional 
amount.     Quantitatively,  from  the  relations, 

and   coL=  — tt'    it   follows  at 


T  2 

^2 

'  /.— 

E' 

/l  — 

once  that 

coL  — 

V 

coc) 

R' 

it) 


Cr 


Ir'-Il' 


±iC-C)        RcoCr        R        ir  ^   ^ 

c 

=  ratio  of  power  flowing  to  power  dissipated.     Thus, 

Sharpness  of  resonance  =  reciprocal  of  power  factor.       (5) 

Another    related    quantit}'    is    the    logarithmic    decrement. 
For  free  oscillation  in  a  simple  circuit,  the  value  of  the  decrement 
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or  napierian  logarithm  of  the  ratio  of  two  successive  current 
maxima  in  the  same  direction  is  readily  shown  to  be 

d  =  7:Rjj='^=7:RcoC  (6) 

Comparing  with  (2)   and  (4), 

o  =  r:i^  =  l  (7) 

That  is,  altho  defined  originally  in  connection  with  damped 
oscillations,  the  decrement  is  a  constant  of  the  circuit  and  can 
be  dealt  with  in  the  same  way  as  resistance  and  the  other  energy- 
determining  quantities.  It  is  similarly  possible  to  speak  of  the 
decrement  of  a  part  of  a  circuit  in  the  same  manner  as  phase 
difference  and  resistance. 

The  decrement  is  definable  in  terms  of  an  energy  ratio.     Thus 

:zRP        RI^ 

"~~^~'  (oL~  (oLP~  LP    ~'LP 
For   sustained   sinusoidal   oscillations,    — —  =  energy  dissipated 

per  cycle,  and  L/-  =  iL  (2 7^)  =5L7o^  =  magnetic  energy  as- 
sociated with  the  current  at  the  maximum  of  the  cycle.  It 
follows  that  the  decrement  is  one-half  the  ratio  of  the  energy 
dissipated  per  cycle  to  the  energy  associated  with  the  current 
at  the  maximum  of  the  cycle.  This  relation  holding  for  each 
cycle,  it  holds  for  the  average  of  all  the  cycles. 

That  the  same  definition  of  decrement  applies  to  the  natural 
damped  oscillations  of  a  circuit  may  be  shown  as  follows.  Sup- 
pose the  circuit  to  be  set  oscillating,  so  that  a  train  of  natural 
oscillations  takes  place,  N  times  per  second,  and  that  the  energy  of 
each  train  is  practically  all  dissipated  before  the  next  one  be- 
gins. N  is  the  group  frequency  or  number  of  complete  trains 
of  oscillations  per  second.  The  energy  dissipated  during  a  train 
of  waves  equals  the  energy  input  at  the  beginning  of  each 
train  =  5L7o^,  where  !„  is  the  first  maximum  of  current. 
The  average  energy  dissipated  per  cycle  must  equal  the  en- 
ergy dissipated  during  a  train  of  waves  divided  by  the  num- 
ber of  cycles  in  a  train.  The  number  of  cycles  in  a  train  is 
the  ratio  of  the  frequency  of  oscillations  /  to  the  group  frequency 
N.     Therefore,    the    average    energy    dissipated    per    cycle  = 

=  — ^TfT^'      The    average    energy    associated    with    the 

N 

31 


current  at  the  maximum  of  each  cycle  may  be  shown  to  be  L  P, 
where  P  =  root-mean-square  current,  just  as  in  the  case  of 
undamped  currents,  provided  the  decrement  is  not  large.  Ap- 
plying the  energy-ratio  definition  of  decrement, 

NLJl 
>^i     2/     ^Nh'  (8) 

"     '"    LP        4fP 

This  checks  the  familiar  equation  for  the  root-mean-square 
value  of  natural  oscillations, 

I'=^Jo'=fh'  (9) 

This  definition  of  decrement,  one-half  the  ratio  of  the  average 
energy  dissipated  per  cycle  to  the  average  energy  associated 
with  the  current  at  the  maximum  of  each  cycle,  is  a  valuable 
conception.  It  has  here  been  shown  to  apply  to  both  un- 
damped oscillations  and  to  natural  damped  oscillations. 

It  is  thus  evident  that  resistance,  phase  difference,  sharp- 
ness of  resonance,  and  decrement  are  all  constants  of  a  circuit 
expressing  energy  dissipation  or  power  factor.  Their  relations 
are  given  in  equations  (2)  to  (7).  Using  these  relations,  a  meas- 
urement of  an}'  one  of  them  can  be  made  to  give  all  the  others. 
Since  resistance  is  the  simplest  quantity,  specific  consideration 
is  given  in  the  following  to  resistance  measurement.  Neverthe- 
less in  some  cases  one  of  the  other  quantities  is  the  more  con- 
venient or  more  useful  one  in  terms  of  Avhich  to  express  the 
results  of  measurement. 

^Methods  of  ^Measurement 
General — There  is  considerable  difficult}'  in  attaining 
high  accuracy  in  measurements  at  radio  frequencies.  Much 
of  this  is  due  to  the  fact  that  the  quantities  to  be  measured  or 
upon  which  the  measurement  depends  are  generally  small  and 
sometimes  not  definite^  localized  in  the  circuits.  Thus  the 
inductances  and  capacities  used  in  the  measuring  circuits  are  so 
small  that  the  effect  upon  these  quantities  of  lead  wires,  indi- 
cating instruments,  surroundings,  etc.,  must  be  carefully  con- 
sidered. The  capacit}^  of  the  inductance  coil  and  sometimes 
even  the  inductance  within  the  condenser  are  of  importance. 
In  order  to  minimize  these  various  effects,  it  is  generally  best 
to  use  measuring  circuits  and  methods  which  are  the  least  com- 
plicated.      On    this   account   simple    circuits    and   substitution 
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methods  in  which  the  determination  depends  upon  deflections 
are  usually  used  in  preference  to  more  complicated  methods. 

In  addition  to  the  uncertainty  or  the  distributed  character 
of  some  of  the  quantities  to  be  measured,  there  are  other  limita- 
tions upon  the  accuracy  of  radio  measurements.  The  usual 
ones  are  the  variation  with  frequency  of  current  distribution, 
of  inductance,  resistance,  and  so  on,  and  the  difficulty  of  supply- 
ing radio  frequency  current  of  sufficient  constancy.  The  lat- 
ter limitation  is  entirely  overcome  by  the  use  of  the  electron 
tubes  as  a  source  of  current,  but  is  troublesome  when  a  buz- 
zer, spark,  or  arc  is  used.  As  to  the  other  difficulty:  the 
variations  of  inductance,  and  so  on,  with  frequency,  while 
these  variations  have  a  profound  effect,  they  are  generally 
subject  to  control;  the  quantities  have  definite  values  at  a  par- 
ticular frequency  under  definite  conditions,  and  their  effect  can 
usually  be  determined  by  calculation  or  measurement. 

It  is  not  always  possible  to  determine  the  effects  of  the 
capacities  of  accessory  apparatus  and  surroundings,  nor  to 
eliminate  them,  and  thus  they  remain  the  principal  limitation 
upon  the  accuracy  of  measurements.  These  stray  capacities 
include  the  capacities  of  leads,  instrument  cases,  table  tops, 
walls,  and  the  observer.  They  may  not  only  be  indeterminate 
but  may  vary  in  an  irregular  manner. 

Classification  of  Methods 

On  account  of  the  requirement  of  simplicity  in  radio  meas- 
urements, the  methods  available  are  quite  different,  and  are 
fewer  in  number,  than  in  the  case  of  audio-frequency  or  direct- 
current  measurements. 

The  methods  of  measuring  radio-frequency  resistance  may 
be  roughly  classed  as: 

(1)  Calorimeter  method. 

(2)  Substitution  method. 

(3)  Resistance-variation  method. 

(4)  Reactance- variation  method. 

The  fourth  has  frequently  been  calhMl  the  "decrement 
method,"  but  it  is  primarily  a  method  of  measuring  resistance 
rather  than  decrement,  exactly  as  the  resistance  variation 
method  is.  Either  may  be  used  to  measure  the  decrement 
of  a  wave  under  certain  conditions,  and  in  fact  the  results  of 
resistance  measurement  by  any  method  may  l^e  expressed  in 
terms  of  decrement. 
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All  four  methods  may  be  used  with  either  damped  or  un- 
damped waves,  the  in  some  of  them  the  calculations  are  different 
in  the  two  cases.  They  are  all  deflection  methods,  in  the  sense 
of  depending  upon  the  deflections  of  some  form  of  radio-fre- 
quency ammeter.  In  the  first  and  second,  however,  it  is 
only  necessar}^  to  adjust  two  deflections  to  approximate 
equalit}',  while  in  the  third  and  fourth  the  deflections  may 
have  any  magnitude. 

Calorimeter  Method 

This  method  may  be  used  to  measure  the  resistance  either 
of  a  part  or  the  whole  of  a  circuit.  The  circuit  or  coil  or  other 
apparatus,  the  resistance  of  which  is  desired,  is  placed  in  some 
form  of  calorimeter,  which  may  be  a  simple  air  chamber,  an 
oil  bath,  or  other  suitable  form.  The  current  is  measured  by 
an  accurate  radio-frequencj^  ammeter,  and  the  resistance  Rx  is 
calculated  from  the  observed  current  /  and  the  power,  or  rate  of 
heat  production,  P 

P  =  R.P  (10) 


<5^ 


Tlf 


Figure  4 

While  P  might  be  measured  calorimetrically,  in  practice  it  is 
alwaj's  measured  electrically  by  an  auxiliary  observation  in 
terms  of  audio-fi'equency  or  direct  current  Thus  it  is  only 
necessary  to  observe  the  temperature  of  the  calorimeter  in  any 
arbitrary  units  when  the  radio-frequency  current  flows,  and 
then  cause  audio-frequency  current  to  flow  in  the  circuit,  adjust- 
ing its  value  until  the  temperature  becomes  the  same  as  before. 
Denoting  by  the  subscript  "„"  the  audio-frequency  values 

P__  D    r  2 
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R,^P_Il 

Ro        Po  P 
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ForP  =  P,,  R.  =  RoY2  (11) 

From  the  known  audio  frequency  value  of  the  resistance,  there- 
fore, and  the  observed  currents,  the  resistance  is  obtained. 

The  radio  and  audio  frequency  observations  are  sometimes 
made  simuhaneously,  using  another  resistance  of  the  same 
magnitude  as  that  of  the  apparatus,  the  resistance  of  which  is 
desired,  placed  in  another  calorimeter  as  nearly  identical  with 
the  first  as  possible.  High  (radio)  frequency  current  is  passed 
thru  one,  low  (audio)  frequency  thru  the  other,  and  the  calori- 
meters kept  at  equal  temperatures  by  means  of  some  such 
device  as  a  differential  air  thermometer  or  differential  thermo- 
element. To  compensate  for  inequalities  in  the  two  sets  of 
apparatus,  the  radio  and  audio  frequenc}^  currents  are  inter- 
changed. This  method  may  be  found  more  convenient  in  some 
circumstances,  but  the  extra  complication  of  apparatus  is  usu- 
ally not  worth  while,  and  the  value  of  the  measurement 
depends  upon  the  accurate  observation  of  the  radio  frequency 
current  7,  just  as  the  simpler  method  does. 

The  calorimeter  method,  while  capable  of  high  accuracy, 
is  slow  and  less  convenient  than  some  of  the  other  methods. 
It  has  been  used  b}^  a  number  of  experimenters  to  measure  the 
resistance  of  wires  and  coils. 

Substitution  Method 

This  method  is  applicable  only  to  a  portion  of  a  circuit. 
Suppose  that  in  Figure  4  the  coil  L  is  loosely  coupled  to  a  source 
of  oscillations  The  capacity  C  is  varied  until  resonance  is 
obtained,  and  the  current  in  the  ammeter  is  read  A  resistance 
standard  is  then  substituted  for  the  apparatus  Rj.  and  varied 
until  the  same  current  is  indicated  at  resonance.  If  the  substi- 
tution has  changed  the  total  inductance  or  capacity  of  the  cir- 
cuit, the  retuning  to  resonance  introduces  no  error  when  un- 
damped or  slightly  damped  electromotive  force  is  supplied, 
provided  the  change  of  condenser  setting  introduces  either  a 
negligible  or  known  resistance  change.  In  the  case  of  a  rather 
highly  damped  source,  however,  the  method  can  only  be  used 
when  the  resistance  substitution  does  not  change  the  inductance 
or  capacit}'  of  the  circuit.  The  unknown  R,,  is  equal  to  the  stand- 
ard resistance  inserted,  provided  the  electromotive  force  acting 
in  the  circuit  has  not  been  changed  by  the  substitution  of  the 
standard  for  R:  this  condition  is  discussed  below. 

The  resistance  standards  usually  used  are  not  continuously 
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variable,  and  hence  the  standard  used  may  give  a  deflection  of 
the  ammeter  somewhat  different  from  the  original  deflection. 
To  determine  the  resistance  in  this  case,  three  defl-ections  are 
required,  all  at  resonance.  In  one  application,  the  apparatus 
of  unknown  resistance  R^c  is  inserted  and  the  current  I^  ob- 
served; then  a  similar  apparatus  of  known  resistance  Rn  is 
substituted  for  it  and  the  current  In  observed;  and  finally  a 
known  resistance  Ri  is  added  and  the  current  /i  observed.  The 
relations  between  these  quantities  and  the  electromotive  force 
involve  the  unknown  but  constant  resistance  of  the  remainder 
of  the  circuit  R,  thus, 

R.+R  =  ^ 

•'  X 

Rn  +  R=T 
■I  n 

R,-^R„+R  =  f 


from  which  R^-E^=R,JjL .     (12) 


This  method  is  closely  related  to  the  resistance  variation  method ; 
see  formula  (13)  below. 

The  substitution  method  is  very  convenient  and  rapid  and 
is  suitable  for  measurements  upon  antennas,  spark  gaps,  etc., 
and  for  rough  measurements  of  resistances  of  condensers  and 
coil.  In  radio  laboratory  work,  however,  using  delicate  instru- 
ments and  with  loose  coupling  to  the  source  of  oscillations,  it 
is  found  that  it  is  not  a  highly  accurate  method,  except  for 
measuring  small  changes  in  resistance  of  a  circuit.  The  reason 
for  this  is  that  there  are  other  electromotive  forces  acting  in 
the  circuit  than  that  purposely  introduced  by  the  coupling 
coil,  viz.,  emf.'s  electrostatically  induced  between  various  parts 
of  the  circuit.  When  the  apparatus  under  measurement  is 
removed  from  the  circuit,  these  emf.'s  are  changed,  and  there 
is  no  certainty  that  when  the  current  is  made  the  same  the  re- 
sistance has  its  former  value.  Something  of  the  same  difficulty 
enters  into  the  question  of  grounding  the  circuit  in  the  following 
method,  as  discussed  below. 

Resistance  Variation  Method 
This    method    measures    primarily   the    effective    resistance 
of  the  whole  circuit,  including  that  due  to  condenser  losses  and 
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to  radiation.     The  principle  may  be  readily  understood  from  the 
diagram  of  the  simple  circuit,  Figure  5. 


SOURCE 


Figure  5 


If  the  resistance  of  some  particular  piece  of  apparatus, 
inserted  at  P  for  example,  is  to  be  found,  the  resistance  of  the 
circuit  is  measured  with  it  in  circuit  and  then  re-measured  in  the 
same  way  with  it  removed  or  replaced  by  a  similar  apparatus  of 
known  resistance;  and  the  resistance  of  the  apparatus  is  obtained 
by  simple  subtraction. 

The  results  of  a  measurement  may  be  expressed  in  terms  of 
'^,  S,  or  d  by  equations  (2)  to  (7)  above.  The  method,  how- 
ever, is  particularly  convenient  where  resistance  is  the  actual 
quantity  the  value  of  which  is  wanted. 

The  measurement  is  made  by  observing  the  current  /  in  the 
ammeter  A  when  the  resistance  Ri  has  its  zero  or  minimum 
value,  then  inserting  some  resistance  Ri  and  observing  the  cur- 
rent 1 1.  Let  R  denote  the  resistance  of  the  circuit  without 
added  resistance.  Suppose  that  a  sine-wave  electromotive 
force  E  is  introduced  into  the  circuit  b}^  induction  in  the  coil  L 
from  a  source  of  undamped  waves,  and  that  the  two  observations 
are  made  at  resonance.     For  the  condition  of  resonance, 

-I 


1 1 


E 

R  +  Ri 
from  which  the  resistance  of  the  circuit  is  given  by 


R  =  Ri 


/.     ^    Ri 


(13) 


The  same  method  can  be  employed  using  damped  instead 
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of  continuous  waves,  and  can  even  be  used  when  the  current  is 
supplied  by  impulse  excitation,  but  the  equations  are  different; 
see  (59)  and  (16)  below.  When  the  damping  of  the  supplied 
emf.  is  very  small,  equation  (13)  applies. 

PRECArTIOXS 

A  limitation  on  the  accurac}'  of  the  measurement  is  the  exis- 
tence of  the  emf.'s  electrostaticallj-  induced  that  were  men- 
tioned above.  In  the  deduction  of  (13)  it  is  assumed  that  E 
remains  constant.  The  virtue  of  this  method  is  that  these 
emf.'s  may  be  kept  substantially  constant  during  the  measure- 
ment of  resistance  of  the  circuit.  They  will  invariably  be 
altered  by  the  insertion  of  the  apparatus,  the  resistance  of  which 
is  desired,  but  the  resistance  of  the  circuit  is  measured  accurately 
in  the  two  cases  and  the  difference  of  the  two  measurements 
gives  the  resistance  sought.  In  order  to  keep  these  stray  elec- 
tromotive forces  unchanged  when  Ri  is  in  and  when  it  is  out 
of  circuit,  particular  attention  must  be  paid  to  the  grounding 
of  the  circuit.  The  shield  of  the  condenser  and  the  ammeter 
(particularly  if  it  is  a  thermocouple  with  galvanometer)  have 
considerable  capacity  to  ground  and  are  near  ground  potential. 
A  ground  wire,  if  used,  must  be  connected  either  to  the  condenser 
shield  or  to  one  side  of  the  ammeter.  If  connected  to  the  high- 
potential  side  of  the  inductance  coil,  absurd  results  will  be  ob- 
tained. The  resistance  Ri  also  must  be  inserted  at  a  place  of 
low  potential,  preferably  between  the  condenser  and  ammeter. 

Use  of  Thermocouple 

Another  necessary"  precaution  is  to  keep  the  coupling  between 
source  and  measuring  circuit  so  loose  that  there  is  no  reaction. 
This  necessitates  the  use  of  a  sensitive  device  for  current  meas- 
urement. As  regularly  carried  out  at  the  Bureau  of  Standards, 
in  the  resistance  variation  method,  a  pliotron  is  used  as  a  source 
of  undamped  emf.,  and  current  is  measured  with  a  thermo- 
couple in  series  in  the  measuring  circuit.  The  currents  corre- 
sponding to  given  deflections  of  the  thermocouple  galvanometer 
are  obtained  from  a  calibration  curve,  or  from  the  law  dec  I-, 
where  f/  =  deflection,  if  the  instrument  follows  this  law  sufiicienth' 
closely.  "When  the  deflections  follow  this  law,  equation  (13) 
becomes 
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Several  values  of  resistance  Ri  are  usually  inserted  in  the  circuit 
and  the  corresponding  deflections  obtained;  the  resulting  values 
of  R  are  averaged. 

When  the  thermocouple  follows  the  square  law  accurately, 
the  quarter  deflection  method  may  be  used,  which  eliminates 

all  calculation.  When  the  deflection  c/i  is  ->  equation  (14) 
becomes 

R-Ri  (15) 

This  method  requires  a  variable  resistance  standard  such  that 
Ri  can  be  varied  continuously  in  order  to  make  c/i  just  equal  to  -  • 

Practically  the  same  method  is  used  if  the  resistance  is  varied 
b}^  small  steps,  as  in  a  resistance  box,  and  interpolating  between 
two  settings  of  Ri. 

Use  of  Impulse  Excitation 

The  procedure  for  the  resistance  variation  method  is  the  same 
when  the  current  is  damped  as  when  undamped.  When  the 
circuit  is  supplied  b}'  impulse  excitation,  so  that  free  oscillations 
are  produced,  the  theory  of  the  measurement  is  very  simple. 
The  current  being  I  when  the  resistance  is  R,  and  7i  when  the 
resistance  Ri  is  added,  the  power  dissipated  in  the  circuit  must 
be  the  same  in  the  tw^o  cases  because  the  condenser  in  the  cir- 
cuit is  charged  to  the  same  voltage  by  each  impulse  which  is 
impressed  upon  it,  and  there  is  assumed  to  be  no  current  in  the 
primary  after  each  impulse. 
Therefore 

RP^iR-^R,)lr 
whence, 

R=R^j^,  (16) 

It  is  difficult  to  obtain  high  accuracy  by  the  method  in  practice 
because  of  the  difficulty  of  obtaining  pure  impulse  excitation. 
The  method  is  specialh'  convenient  when  an  instrument  is 
used  in  which  the  deflection  d  is  proportional  to  the  current 
squared.     Then  (16)  becomes 

This  is  still  further  simplified  if  th(>  resistance  7?i  is  adjustable 
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so  that  f/i  can  be  made  equal  to  one-half  d.     The  equation  then 
reduces  to 

R  =  Ri  (18) 

This  is  commonly  known  as  the  half-deflection  method. 

Use  of  Damped  Excitatiox 

The  resistance  variation  method  has  already  been  shown  to 
be  usable  with  either  undamped  or  free  oscillations.  It  can  also 
be  used  when  the  supplied  emf.  is  damped  so  that  both  forced 
and  free  oscillations  exist  in  the  circuit.  The  equations  (56) 
to  (60)  below  show  how  the  decrement  of  a  circuit  is  ob- 
tained from  such  measurements.  Resistance  is  then  readily 
calculated  bj-  equation  (6).  As  already  stated,  when  the 
damping  of  the  supplied  emf.  is  extreme^  small,  equation  (13) 
applies.  The  decrement  of  the  supplied  emf.  may  itself  be 
obtained  by  such  measurements  whether  the  emf.  be  due  to  a 
nearby  circuit  or  to  a  wave  travelling  thru  space. 

Application  of  ^Method 

This  method  is  used  in  precision  measurements  upon  con- 
densers, coils,  wavemeters,  etc.  The  accurate  measurement 
of  resistance  of  a  wavemeter  circuit  is  of  particular  importance 
because  the  wavemeter  is  frequenth^  used  to  measure  the  resist- 
ance, phase  difference,  or  decrement  of  other  apparatus.  It 
is  the  calibration  of  a  resistance-measuring  standard. 

The  resistance  of  a  wavemeter  is  not  a  single  constant  value. 
It  varies  with  frequency  and  with  the  detecting  or  other  appara- 
tus connected  to  the  wavemeter  circuit.  Usually  both  the  re- 
sistance and  the  decrement  of  the  circuit  vaiy  with  the  condenser 
setting.  It  is  usualty  desirable  to  express  either  resistance, 
sharpness  of  resonance,  or  decrement  in  the  form  of  curves  for 
the  several  wavemeter  coils,  each  for  a  particular  detecting 
apparatus  or  other  condition. 

When  a  pliotron,  arc,  or  other  source  of  undamped  wave 
is  used,  formula  (13)  above  is  used.  When  the  current-meas- 
uring device  is  a  current-square  meter,  thermocouple  or  crystal 
detector  with  galvanometer,  or  other  apparatus  which  is  so  cali- 
brated that  deflections  are  accuratch^  proportional  to  the  square 
of  the  current,  and  when  in  addition  a  continuously  variable 
resistance  standard  is  used,  the  quarter-deflection  method  may 
be  employed  eliminating  all  calculation. 

When  a  buzzer  or  other  source  is  used,  arranged  to  give 
impulse  excitation,   equation   (16)   above  gives  the  resistance. 


When  the  current  indicator  is  calibrated  in  terms  of  the  square 
of  the  current  and  the  resistance  standard  is  continuously  vari- 
able, the  measurement  is  conveniently  made  by  the  half-de- 
flection method. 


Reactance  Variation  Method 
This  has  been  called  the  decrement  method,  a  name  which 
is  no  more  applicable  to  this  than  to  the  other  methods  of  re- 
sistance measurement  since  all  measure  decrement  in  the  same 
sense  that  this  does.  That  the  method  primarily  measures 
resistance  rather  than  decrement  is  seen  from  the  fact  that  in 
its  simple  and  most  accurate  form  it  utilizes  undamped  current, 
which  has  no  decrement. 

The  method  is  analogous  to  the  resistance  variation  method, 
two  observations  being  taken.  The  current  7^  in  the  ammeter 
(Figure  6)  is  measured  at  resonance,  the  reactance  is  then 
varied  and  the  new  current  7i  is  observed.  The  total  resistance 
of  the  circuit  R  (including  that  due  to  condenser  losses,  radia- 
tion, etc.)  is  calculated  from  these  two  observations.     The  re- 


Source 


Figure  6 


actance  may  be  varied  by  changing  either  the  capacity,  the 
inductance,  or  the  frequenc}^,  the  emf.  being  maintained  con- 
stant. The  reactance  is  zero  at  resonance  and  it  is  changed  to 
some  value  Xi  for  the  other  observation.  With  undamped 
emf.  E,  the  currents  are  given  by 

'       R^ 
^r  — 


R'+Xi" 
From  these  it  follows  that 
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This  has  a  smiilarity  to   R  =  Ri  y-^   ^    the  equation   (13) 

i  — i  1 

for  the  resistance-variation  method.     It  is  also  interesting  that 

when  the  reactance  is  varied  by  such  an  amount  as  to  make  the 

quantity  under  the  radical  sign  equal  to  unity,  the  equation 

reduces  to 

R=Xi  (20) 

This  is  similar  to  R  =  Ri,  which  is  the  equation  for  the  quarter- 
deflection  and  half-deflection  resistance-variation  methods. 

Resistance  Measurement 

When  the  reactance  is  varied  by  changing  the  setting  of  a 
variable  condenser, 

\(0L         (oLr 

and  the  equation  (19)  becomes 


'^^^^^A^  (-) 


For  variation  of  the  inductance,  (19)  becomes 


R  =  ±coiL-U)^jj^^  (22) 


and  for  variation  of  the  frequency 


«=-^^^'"'-'"-\/^,  (23) 

(0  vyr  — -/r 

This  equation  is  equivalent  to 

A  Ar  \  -I r         ■'I 

for  /  in  meters,  R  in  ohms,  andL  in  henrys. 

It  must  be  noted  that  variation  of  the  frequency  or  wave 
length  requires  some  alteration  in  the  source  of  emf.,  and  the 
greatest  care  is  necessary  to  insure  that  the  condition  of  con- 
stant emf.  is  fulfilled.  This  is  discussed  below^  in  connection 
with  equations  (30)  and  (31). 

In  the  use  of  equation  (22),  some  error  is  introduced  into 
the  measurement  if  the  variable  inductor  is  also  used  as  the 
coupling  to  the  source,  on  account  of  the  variation  thus  intro- 
duced into  the  E  supplied.  The  per  cent,  error,  however,  is 
usually  not  more  than  the  per  cent,  variation  of  L. 

A  convenient  method  which  differs  slightly  from  those  just 


described  is  to  observe  two  values  of  the  reactance  both  cor- 
responding to  the  same  current  7i  on  the  two  sides  of  the  resonant 
value  /,..  For  observation  in  this  manner  of  two  capacity 
values  Ci  and  C2, 

The  simple  derivation  here  given  for  these  formulas  is  much 
shorter  than  the  usual  treatments,  and  at  the  same  time  is  more 
comprehensive.  These  formulas  are  all  rigorous,  involving  no 
approximations,  provided  the  applied  emf.  is  undamped. 
They  also  apply  for  damped  emf.  when  the  damping  is  negligibly 
small. 

It  is  customary  to  reduce  the  labor  of  computation  by  vary- 
ing the  reactance  by  such  an  amount  that  /r  =  h  I^',  making 
the  quantity  under  the  radical  sign  equal  to  unity,  so  that 
formulas  (21)  to  (25)  are  much  simplified. 

Measurements  of  Phase  Difference,  Sharpness  of  Reso- 
nance, AND  Decrement 

Measurements  by  the  reactance  variation  method  are  very 
conveniently  expressed  in  terms  of  phase  difference,  sharpness 
of  resonance,  and  decrement.  The  formulas  are  in  fact  simpler 
for  any  of  these  quantities  than  for  resistance.  Thus,  utilizing 
equations  (2)  to  (7)  it  is  readily  found  that  (21)  is  equivalent  to: 


Equation  (27)  is  identical  with  (4)  above,  thus  suggesting 
that  the  definition  of  sharpness  of  resonance  itself  contains 
inherently  this  method  of  measurement.  The  equations  coi'rc- 
sponding  to  (22)  to  (25)  are  obtained  for  "^j  S,  and  d,  in  the 
same  manner  as  (26)  to  (28).  Those  for  phase  difference,  ex- 
pressed in  radians,  are 

t  =  ±%=^\/r.^.  (29) 


±(L- 

/r 

Lr 

2-7,2 

b  {or- 

/r 

f=^ '"''-'"'■ 'Jy^-\-.  (30) 

(0(0r  \-/r   — il" 
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^-'i^^A  (32) 

Phase  difference  is  a  particularly  convenient  constant  in  terms 
of  which  to  express  the  results  of  measurements  upon  condensers, 
since  the  phase  difference  of  most  condensers  is  usually  a  con- 
stant with  respect  to  frequency  at  radio  frequencies.  These 
formulas  are  rigorous  provided  •^  is  small,  as  it  usually  is  in 
radio  circuits,  when  the  emf.  is  sustained,  and  hold  also  for 
damped  emf.  when  the  damping  is  negligibly  small.  The  use 
of  the  method  when  the  applied  emf.  has  a  moderate  damping 
is  discussed  in  the  last  section  of  this  paper. 

A  convenient  way  to  utilize  the  method  indicated  in  (30)  and 
(31)  is  to  vary  the  wave  length  by  means  of  a  variable  condenser 
or  inductor  in  the  source  circuit.  An  incorrect  formula  has 
sometimes  been  given  for  decrement  measurement  by  this 
method.     The  following  are  rigorous: 

,^.^±(c/-cO 
V  c/c 

where  the  capacities  are  those  of  the  condenser  in  the  source 
circuit.  This  method  must  be  used  with  great  caution  because 
constanc}'  of  E,  the  applied  emf.,  is  required.  The  source  cir- 
cuit is  necessarily  disturbed  by  the  variation  of  its  condenser 
setting;  when  the  variation  is  small,  and  a  pliotron  is  used  as 
the  source,  the  current  I'  in  the  source  circuit  may  not  be  appre- 
ciably changed.  It  is  desirable  to  use  a  sensitive  indicating 
instrument  and  actually  observe  I'.  Constancy  of  /',  however, 
would  not  mean  that  the  emf.  acting  on  the  measuring  circuit 
was  constant,  for  E  =  io  M  I',  and  thus  £"  varies  by  the  amount 
of  the  CO  variation.  The  per  cent,  error  in  the  resulting  value 
of  "^  or  o  equals  the  per  cent,  change  of  C ,  when  the  method 
is  made  by  the  familiar  procedure  which  reduces  the  current 
ratio  under  the  radical  to  unity. 

Direct-reading  Phasemeters  and  Decremeters 

A  phasemeter  as  used  in  radio  work  is  a  wavemeter  con- 
veniently arranged  for  measurements  of  phase  difference.  A 
decremeter  is  a  wavemeter  similarl}-  arranged  for  measurements 


of  decrement.  While,  of  course,  resistance  and  sharpness  of 
resonance  can  be  calculated  from  measured  values  obtained  by 
either  of  these  instruments,  the  principal  application  of  a  phase- 
meter  is  in  measurements  of  phase  difference  of  condensers  and 
of  dielectric  materials  and  the  principal  use  of  a  decremeter  is 
in  the  measurement  of  the  decrement  of  a  wave.  The  forms  of 
these  instruments  usually  employed  make  use  of  the  reactance- 
variation  method.  Any  such  instrument  may  be  used  either  as 
a  phasemeter  or  a  decremeter  by  merely  changing  the  instrument 
scale  by  a  constant  factor.  While  decremeters  have  been 
more  commonly  used,  the  phasemeter  is  a  somewhat  more 
direct  application  of  the  underlying  theory.  In  the  develop- 
ment of  the  theory  of  the  instrument,  undamped  (sustained) 
sine-wave  emf.  is  assumed. 

Determination  of  the  Scale  of  a  Phasemeter  or  Decre- 
meter 

Any  wavemeter,  the  circuit  of  which  includes  some  form  of 
ammeter,  may  be  fitted  with  a  special  scale  from  which  phase 
difference  or  decrement  may  be  read  directly.  The  procedure 
for  a  wavemeter  having  any  sort  of  variable  condenser  is  given 
here. 

The  usual  use  of  the  reactance-variation  method  is  in  accord- 
ance with  equation  (32),  the  currents  being  adjusted  so  as  to 
make  the  quantity  under  the  radical  unity.  That  is,  the  cur- 
rent-square meter  is  first  observed  at  resonance,  the  variable 
condenser  is  reset  to  a  value  Ci  on  one  side  of  resonance  such  that 
the  current-square  is  reduced  to  one-half,  and  then  set  to  another 
value  C-i  on  the  other  side  of  resonance  giving  the  same  curi'ent- 
square.     The  phase  difference  is  calculated  by 

^     C2  +  C1  ^ 

A  certain  value  of  phase  difference,  therefore,  corresponds  to  that 
displacement  of  the  condenser's  moving  plates  which  varies 
the  capacity  by  the  amount  (C2 — Ci).  The  displacement  for  a 
given  phase  difference  will,  in  general,  be  different  for  different 
values  of  C,  the  total  capacity  in  the  circuit.  At  each  point  of 
the  condenser  scale,  therefore,  any  displacement  of  the  moving 
plates  which  changes  the  square  of  current  from  h  Ir'  on  one 
side  of  resonance  to  the  same  value  on  the  other  side  means  a 
certain  value  of  i^. 

A  special  scale  may,  therefore,  be  attached  to  any  variable 


condenser,  with  graduations  upon  it  and  so  marked  that  the  dif- 
ference between  the  two  settings  on  the  two  sides  of  resonance 
is  equal  to  the  phase  difference.  The  spacing  of  the  graduations 
at  different  parts  of  the  scale  depends  upon  the  relation  between 
capacity  and  displacement  of  the  moving  plates.  When  this 
relation  is  known,  the  scale  can  be  predetermined.  A  scale 
may,  therefore,  be  fitted  to  any  condenser,  from  which  phase 
difference  may  be  read  directly,  provided  the  capacity  of  the 
circuit  is  known  for  all  settings  of  the  condenser.  The  scale 
may  be  attached  either  to  the  moving  plate  sj'stem  or  to  the 
fixed  condenser  top.  It  is  usually  convenient  to  attach  it  to 
the  unused  half  of  the  dial  opposite  the  capacity  scale. 

The  scale  for  such  an  instrument  is  determined  as  follows. 
When  the  change  of  capacity  setting  is  small,  as  usualh'  in  radio 
work,  (33)  may  be  written 

f=i  (34) 

Letting  s  denote  readings  on  the  required  scale,  the  value  of  '^ 
is  the  difference  of  two  s  readings,  or 
■^  =  ds 

The  readings  of  the  scale  are  then  given  by 

s  -=  5  {log,  Ca  -  log,  C)  (35) 

Ca  is  the  arbitrary  capacity  chosen  as  the  zero  point  of  the  scale. 
Thus  the  scale  can  begin  anywhere.  Such  a  scale  gives  "^  in 
radians. 

A  wavemeter  in  which  the  inductance  is  variable  and  the 
capacity  fixed  is  also  convertible  into  a  phasemeter  in  similar 
manner.  The  instrument  is  operated  in  just  the  same  way, 
and  the  equation,  corresponding  to  (33),  is 

^=r^  (36) 

and  the  direct-reading  phasemeter  scale  is  given  by 

s=k  {log, La-log, L)  (37) 

where  L^  is  the  arbitrary  inductance  chosen  as  the  zero  point 
of  the  scale. 

A  direct-reading  decremeter  is  made  in  precisely  the  same 
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way  as  a  phasemeter.  The  decrement  is  tt  times  the  phase 
difference  in  radians,  hence  the  equations  for  a  decrement  scale 
on  a  wavemeter  with  a  variable  condenser  or  variable  inductor 
are  respectively 

s  =  ^(%eC„-%,C)  (38) 

s='^(log,La-log,L)  (39) 

The  phase  difference  or  decrement  measured  by  such  an 
instrument,  using  undamped  sine-wave  emf.,  is  the  phase 
difference  or  decrement  of  the  measuring  circuit  itself.  Its 
application  to  measuring  the  decrement  of  a  wave  is  explained 
in  the  last  section  below.  When  the  instrument  is  used  as  the 
measuring  circuit  with  undamped  emf.,  the  variable  condenser 
or  inductor  must  be  one  having  zero  effective  resistance  or  in 
which  the  resistance  for  each  setting  and  each  wave  length  is 
accurately  known,  in  order  that  the  resistance  or  ^  or  o  of 
other  apparatus  connected  in  the  circuit  may  be  obtained.  When 
a  variable  condenser  is  used  as  the  phasemeter  it  is  thus  con- 
venient for  measurements  upon  coils,  and  when  a  variable  in- 
ductor is  the  phasemeter  it  is  a  convenient  means  for  measure- 
ments upon  the  R  or  ^  or  o  of  any  condenser  connected  to  it. 

The  direct-reading  phasemeter  or  decremeter  may  also  be 
used  in  the  source  circuit,  to  vary  the  <o  or  X  supplied  to  the 
measuring  circuit,  as  described  in  connection  with  equations 
(30)  and  (31)  above.  In  this  use  it  is  not  necessary  to  make 
correction  for  the  resistance  of  the  phasemeter  or  decremeter 
itself,  whether  it  be  variable  condenser  or  variable  inductor, 
as  it  has  no  effect  upon  the  measuring  circuit,  except  insofar  as  it 
may  effect  the  value  of  m,  which  would  be  a  second-order  effect. 
This  use  of  the  direct-reading  phasemeter  is  now  being  exhaustive- 
ly studied  by  Messrs.  G.  C.  Southworth  and  J.  L.  Preston  at 
the  Bureau  of  Standards. 

Simple  Direct-reading  Phasemeter  or  Decremeter 
It  is  particularly  easy  to  make  a  phasemeter  or  decremotei- 
out  of  a  condenser  with  semi-circular  plates.     Such  condensei's 
follow  closely  the  linear  law, 

C=ap-\-Co  (^0) 

where  P  is  the  angle  of  rotation  of  the  moving  plates  and  a  and  Co 
are  constants.  It  can  be  shown  that  the  phase  difference  scale 
applicable  to  such  a  condenser  is  one  in  which  the  graduations 
vary  as  the  logarithm  of  the  angle  of  rotation.     Furthermore. 
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the  same  scale  applies  to  all  condensers  of  this  type.  This  scale 
has  been  calculated  and  is  given  in  Figure  7  for  values  of  phase 
difference  in  degrees. 


Figure  7 


The  scale  was  calculated  in  the  following  manner.     Insert- 
ing equation  (40)  in  (35) 

s  =  h  [log,  (a^,+Cv)-%,  (aft+C;)]  (4l) 
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Let  Co  =  a  13,, 

s=^^  [%io(/^„+^o)  -%,o(/^+/3<,)]  (42) 

ForC„  =  ^,  =  0, 

s  =  1.15l(/o(/io/3„-/o(7io^)  (43) 

l.lol 
For  s  expressed  in  degrees  rather  than  radians,  and  for  l3^^  =  180°, 
the  angular  separation  in  degrees  on  the  '^  scale  is  given  by 

This  scale  may  be  used  as  it  stands  on  any  variable  condenser 
with  semi-circular  plates,  regardless  of  the  kind  of  capacity 
scale  on  the  condenser  or  even  if  the  condenser  has  no  scale 
whatever  on  it.  The  phase  difference  scale  may,  if  desired,  be 
cut  out  and  trimmed  at  such  a  radius  as  to  fit  the  dial  and  then 
affixed  to  the  condenser,  with  its  zero  point  approximately  in 
coincidence  with  the  graduation  which  corresponds  to  maxinumi 
capacity.  This  usually  puts  it  on  the  unused  half  of  the  dial 
opposite  the  capacity  scale.  If  the  figures  are  trimmed  off  they 
can  be  added  over  the  lines  in  red  ink.  This  scale  will  then  give 
accurate  results  if  the  capacity  varies  linearly  with  the  setting, 
a  condition  which  holds  closely  enough  in  the  ordinary  conden- 
sers. This  same  scale  may  also  be  affixed  to  the  dial  of  any 
variable  inductor  and  used  without  error  if  the  variation  of 
inductance  with  setting  is  linear.  Also  on  either  condenser  or 
inductor,  the  same  scale  is  used  either  with  moving  pointer 
and  stationary  dial  or  with  moving  dial. 

A  measurement  of  phase  difference^  is  made  by  first  observing 
the  current-square  at  resonance,  then  reading  the  scale  at  a  set- 
ting on  each  side  of  resonance  for  which  the  current-square  is 
one-half  its  value  at  resonance.  The  difference  between  the  two 
readings  on  the  scale  is  the  value  of  i^  in  ck^grees.  The  value  of 
power  factor  in  per  cent,  may  be  obtained  from  the  result  if 
desired  by  multiplying  by  1.75. 

A  similar  scale  is  readily  nuide  to  read  decrements  directly. 
The  readings  of  Figure  7  are  all  divided  by  18.24,  or  the  scale 
is  independently  calculated  by  e(iuation  (38).  The  scale  shown 
in  Figure  8  is  thus  obtained,  which  may  be  used  on  any  con- 
denser with  semi-circular  plates.  Since  writing  this  paper,  the 
author  has  been  informed  that  a  scale  constructed  on  this  prin- 
ciple was  devised  for  use   in   a   decremc^ter  by   Mr.   \\'aterman 
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of  the  Marconi  Company.  This  is  the  only  instance  known  in 
which  the  method  has  been  used.  It  has  here  been  shown  to 
be  convenient  for  measurements  of  other  quantities  than  decre- 
ment, and  is  worthy  of  wide  apphcation,  since  it  converts  any 
wavemeter  into  a  direct-reading  phasemeter  or  decremeter  at 
no  additional  cost. 


Figure  8 
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Location  of  Scale  for  Accurate  Measurements 

The  scale  gives  accurate  results  only  when  Co  =  ^o  =  0.  In 
many  semi-circular  plate  condensers  Co  or  ^^  has  a  small  positive 
or  negative  value.  This  can  always  be  reduced  to  zero  by  shift- 
ing the  yS  scale.  Thus  for  a  particular  position  of  the  scale 
suppose 

C  =  a(^'-\-Co  (45) 

Define  a  new  /?  such  that 

^  =  i8'  +  ^o  (46) 

This  reduces  (45)  to  C  =  a  ft,  and  it  is  accomplished  by  shifting 
the  dial  toward  zero  by  the  amount  fto-  The  value  of  Po  is  de- 
termined by  two  measurements  of  capacity.  Suppose  Ci  and  C2 
are  the  values  for  fti  and  ^2'.  The  constant  a  is  the  change  of 
capacity  per  degree  and  is  given  by 

C2—C1 


a  = 


The  angle  fto  is  therefore  given  by 


(47) 


fto=-'-ft.'  (48) 

a 

The  scale  of  Figure  7  is  accurately  placed  as  follows.  It  is 
first  placed  on  the  dial  by  eye,  and  the  capacity  in  the  circuit 
accurately  observed  at  the  two  points  marked  5  and  36  on  the 
scale.  The  amount  by  which  the  scale  is  to  be  shifted  toward 
zero  is  then  the  angle  in  degrees, 

A=i^-51.2  (49) 

<-  5  ~  t  36 

The  capacity  concerned  is  the  total  capacity  in  the  circuit,  which 
consists  mainly  of  the  capacity  of  condenser  and  of  the  induct- 
ance coil  in  parallel  with  it.  Since  the  coils  of  a  wavcraetcr 
do  not  all  have  the  same  capacity,  it  is  desirable  to  mount  the 
phase  difference  scale  in  such  a  way  that  its  angular  position 
can  be  varied  a  few  degrees  on  the  dial,  to  correspond  to  the 
different  coils  that  are  used.  A  fiducial  mark  can  be  placed  on 
the  scale  for  each  coil. 

Measurement  of  Small  Phase  Difference  or  Decrement 

These  scales  permit  accurate  measurement  of  fairly   large 

phase  differences  or  decrements,  but  offer  no  precision   in  the 
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measurement  of  very  small  values,  particularly  at  the  low- 
capacity  end  of  the  scale.  They  are  thus  of  particular  value 
in  tests  upon  condensers  or  other  apparatus  having  fairly  large 
phase  differences.  The  method  can,  however,  be  extended  to 
the  precise  measurement  of  small  values  in  several  ways.  One 
method  is  to  use  a  gear  to  open  out  the  scale.  The  scale  can  then 
be  in  the  form  of  a  spiral  on  the  rapid-motion  gear  shaft,  and  be 
spaced  by  a  factor  equal  to  the  gear  ratio.  This  device  does 
not  have  the  simplicity  of  merely  attaching  a  scale  to  the  con- 
denser dial.  Another  method  is  to  place  a  condenser  of  fixed 
capacity  in  parallel  with  the  variable  and  use  a  different  scale 
on  the  variable.  This  narrows  the  range  of  capacity  variation, 
but  for  some  kinds  of  work  the  method  is  very  satisfactory,  and 
any  desired  precision  of  measurement  may  be  obtained.  The 
scale  suitable  for  the  use  in  parallel  with  the  variable  of  a  fixed 
capacity  equal  to  10  times  that  at  the  middle  of  the  scale  of  the 
variable,  is  obtained  as  follows.  The  fixed  capacity  is  Cg  in 
(40),  and  its  value  must  be  equal  to  10  times  that  at  the  90° 
point  on  the  variable  condenser  (or  19.86  on  the  scale  of  Figure 
7).  Expressing  ft  in  degrees,  Co  =  (t  ^o  =  flX900.  Equation  (41) 
becomes 

s=  ^1^  [log,,  (/^„  +  900)  -%io  (/^  +  900)] 

For  the  '^  scale  beginning  at  the  upper  end  of  the  capacity  scale 
and  s  expressed  in  minutes,  this  becomes 

s=  ^(57-3)  (2.303)  ^^^^^^  io80-/o^.o  (/^  +  900)] 


or, 


log,,  (/^  +  900)  =  3.033424-^^  (50) 


The  scale  thus  calculated  is  given  in  Figure  9.  It  may  be  used 
on  any  linear  scale  condenser,  as  in  the  previous  cases,  and  per- 
mits measurements  of  phase  difference  to  closer  than  one  minute. 
A  similar  scale  is  obtained  for  decrement  by  dividing  the  scale 
readings  by  1094.,  permitting  the  measurement  of  decrement 
to  better  than  0.001.  These  scales  have  the  additional  advan- 
tage of  almost  uniform  spacing.  f 


52 


,(I)5,C6Z.CB' 


Figure  9 


Decremeter  or  Phasemeter  with  Uniform  Scale 

Just  as  it  is  possible  to  determine  a  i^  or  n  scale  to  fit  a  con- 
denser having  any  sort  of  law  of  capacity  variation,  it  is  equally 
possible  to  design  a  condenser  with  capacity  varying  in  such  a 
way  as  to  fit  any  specified  '^  or  d  scale.  A  uniform  scale,  i.  e., 
one  in  which  the  graduations  are  equally  spaced,  is  iiarticularly 
convenient,   and   is   the   kind   used   in   the   Kolster  decremeter. 
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A.  uniform  scale  of  either  ir  or  d  requires  in  accordance  with 
equation  (34)  that  the  condenser  plates  be  so  shaped  that  for 
any  small  variation  of  setting  the  ratio  of  the  change  in  the 
capacity  to  the  total  capacity  is  constant.  The  condenser 
required  to  give  this  uniform  scale  has  its  moving  plates  so  shaped 
that  the  logarithm  of  the  capacity  is  proportional  to  the  angle 
of  rotation  of  the  plates. 

This  decremeter  is  fully  described  in  ''Bulletin  of  the  Bureau 
of  Standards,"  11,  page  421,  1914,  Scientific  Paper  Number 
235.  *  By  the  use  of  a  separate  shaft  geared  to  the  moving  plates 
at  a  6-to-l  ratio,  the  decrement  scale  is  opened  out  so  that  very 
precise  measurements  may  be  made.  This  decremeter  is  used 
in  the  inspection  service  of  the  Bureau  of  Navigation  of  the 
Department  of  Commerce  and  by  radio  engineers  elsewhere. 
On  account  of  the  uniform  scale  of  decrements  its  use  is  more 
convenient  than  the  instruments  with  specially  shaped  scales, 
but,  on  the  other  hand,  the  adjustment  of  the  instrument  to 
read  decrements  accurately  is  more  difficult  as  this  requires 
the  adjustment  of  a  small  auxiliary  condenser  in  parallel  with 
the  variable  condenser.  It  is,  of  course,  a  more  costly  instru- 
ment because  of  the  specially  shaped  condenser  plates.  It  can 
be  made  to  read  phase  difference  directly  in  degrees  by  replacing 
the  decrement  scale  with  another  in  which  the  readings  are 
multiplied  by  18.24. 

Use  of  Damped  Oscillations 
When  damped  oscillations  are  used  in  a  measurement  of 
resistance  or  one  of  the  related  quantities,  there  are  two  distinct 
decrements  concerned,  that  of  the  circuit  and  that  of  the  emf. 
supplied  to  the  circuit.  To  determine  either  of  these,  in  general 
two  measurements  are  required.  In  special  cases,  however,  one 
measurement  only  is  necessary.  For  example,  when  the  decre- 
ment of  the  supplied  emf.  is  very  small,  the  measurement  of 
resistance  of  the  circuit  is  made  exactly  the  same  as  when  the 
emf.  is  undamped  and  the  equations  are  unchanged,  in  all  the 
methods.  Also,  when  impulse  excitation  is  used  for  the  re- 
sistance-variation method,  the  procedure  is  the  same  as  with 
undamped  emf. ;  the  equations  are  different  in  this  case,  as  shown 
in  equation  (16)  above.  In  any  of  these  cases,  of  course,  the 
results  of  measurement  can  be  expressed  in  terms  of  i^,  s,  or  o 
of  the  circuit  as  well  as  R. 

When  the  emf.  supplied  to  the  circuit  has  a  moderate  de- 
*See  also  "Proc.  Inst.  Radio  Engrs.,"  volume  3,  number  1,  page  29, 1915 . 
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crement,  damped  oscillations  flow  in  the  circuit.  Calculation 
of  the  current  is  very  difficult  except  when  the  decrement  of 
both  the  emf.  and  the  circuit  are  small.  The  definition  of  de- 
crement that  has  been  given  in  terms  of  an  energy  ratio  furnishes 
some  interesting  relations  in  this  connection.  Suppose  the  emf. 
is  produced  in  the  measuring  circuit  (Figure  5)  by  coupling  to 
the  source  circuit  so  loosely  that  there  is  no  reaction  upon  the 
source.  If  /'  =  the  root-mean-square  current  of  small  decrement 
in  the  source  circuit  and  M  is  the  mutual  inductance  between  the 
two  circuits,  it  may  be  shown  that  the  r.m.s  value  of  emf.  in- 
duced in  the  measuring  circuit  at  resonance  is 

E=coMl' 

and  the  maximum  amplitude  is 

Eo=coMIo' 

From  equation  (9),       {!')'=  YV^f^^ "')'"> 


therefore 


4/ (J' 


P'-    ^    F 


where  o'  is  the  decrement  of  the  current  in  the  source  circuit 

and  hence  of  the  emf.  induced  in  the  measuring  circuit.     Using 

E'~  .  . 

—    as  a  definition  of  power  consumption,  the  average  power 

R 

dissipated  is 

E^       NEJ" 


NE'^ 


R      4fd'R 

Average  energy  dissipated  per  cvcle  =         ^, 

4j  -  o  K 

Average  energy  associated  with  current  at  maxima  =L/-,  pro- 
vided the  decrement  is  small,  as  before.  Assuming  now  that 
decrements  are  additive,  and  applying  the  energy-ratio  definition 
given  just  after  equation  (9)  to  the  sum  of  (Y,  the  decrement 
of  the  applied  emf.  and  o,  the  decrement  of  the  circuit, 


-/ 


(t   -f-  o  = 


1  NEo 


2     4pd'RLP 

NEo' 


8PRLd'{(y-\-d) 


mpL-fyr,{a'-^o)  ^ 

This  is  the  correct  relation  between  /-  and  EJ^  at  resonance, 
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as  obtained  from  the  elaborate  rigorous  proofs.  The  short 
demonstration  just  given  involves  the  assumption  that  decre- 
ments are  additive,  which  seems  reasonable  since  energies  are 
additive. 

Resistance-Variation  ^Method 

Measurements  made  with  damped  waves  are  most  con- 
veniently expressed  in  terms  of  decrements.  Resistances  and 
the  other  related  quantities  can  then  be  calculated  from  the 
values  of  decrement. 

The  equation  for  the  resistance  variation  method  is  obtained 
from  (51).  Suppose  the  resistance  of  the  cii'cuit  to  be  increased 
by  an  amount  7?i  changing  o  to  o  +  oi,  and  the  original  resonance 
current  I  to  some  other  value  7i;  then 


16/3 L2  -  (J  + J^)  (o-  + J-ho\) 

1 1-  (o'  +  o) 

This  is  the  equation  for  the  resistance-variation  method  of 
measurement,  using  damped  waves.  It  applies  only  when  the 
decrements  are  small,  and  when  the  coupling  to  the  source  is 
so  loose  that  the  emf.  is  not  affected  b^-  the  current  in  the  meas- 
uring circuit. 

It  is  possible  to  solve  either  for  o'  if  o  is  known  or  vice  versa. 
When  the  method  is  thus  used  to  obtain  o',  the  decrement  of 
the  applied  emf.,  the  result  of  the  measurement  really  gives 
the  shape  of  the  trains  of  waves  which  are  acting  on  the  circuit. 
Decrement  measurement  may  thus  accomplish  something  similar 
at  radio  frequencies  to  what  is  done  at  low  frequencies  bj-  wave 
analysis. 

Determination  of  Decrement  of  Wave 
The  solution  for  o    is 

2  o  oi  +  or jTj—  o- 

"  ~         /— /r.     .  (53) 

J  2         '>~  '>^ 

This  may  be  simplified  by  choosing  the  resistance  inserted  such 
that  r)i  =  o;  then 


o   =  0 


72_2/i2 
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Another  convenient  simplified  procedure  is  to  vary  the  in- 
serted resistance  until  the  square  of  the  current  is  reduced  to 

one-half  its  previous  value,  then  — — ^  =  1,  and 

./     2oOi  +  oi2  — rr  .     •. 

d  = ^ — ^ (5oj 

O  —  Ol 

This  equation  expresses  the  method  presented  by  L.  Cohen  in 
"Proceedings  of  The  Institute  of  Radio  Engineers,"  2, 
page  237,  1914. 

Determination  of  Decrement  of  Circuit 

When  fj'  is  the  known  quantity,  the  direct  solution  of  (52) 
for  0,  the  decrement  of  the  measuring  circuit,  is 

o  =  ^o,-^rr±~VWdT+U?TlBj?  (56) 

P  —  7  - 
where  B  =  — —-^ 

i\' 

This  complicated  form  of  solution  is  of  very  little  use.  Equation 
(52)  is  itself  a  more  convenient  expression  than  this  explicit 
solution.  The  following  formula  has  been  found  useful  in  cer- 
tain cases  as  discussed  below. 

^^'''  K=l  +  ^^  (58) 

0+0 

It  is  sometimes  advantageous  to  express  this  in  terms  of  resistance 
or  the  related  quantities.  Thus  the  solution  for  R  of  the  circuit, 
where  Ri  is  the  inserted  resistance,  is 

R  =  R,~^^-  (59) 

This  is,  of  course,  not  an  explicit  solution  for  /?,  since  K  involves 
o  and,  therefore,  R,  but  gives  a  ready  means  for  finding  R  or  n 
when  the  sum  of  the  two  decrements  (<5'  +  (5)  is  known  from  some 
other  measurement,  such  as  the  reactance-variation  method 
described  below.  Thus  a  combination  of  the  two  methods  gives 
both  o'  and  b^  or  o'  and  R. 

An  interesting  special  case  occurs  when  u  and  u\  are  both 
very  small  compared  with  <)' .  K  becomes  unity  and  equation 
(59)  reduces  to 

R  =  Rij:^.  (60) 
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This  happens  to  be  the  same  as  equation  (16)  above,  the  equation 
for  the  use  of  impulse  excitation.  The  proof  given  here  can 
not,  however,  be  regarded  as  a  deduction  of  equation  for 
impulse  excitation,  as  it  has  been  b}"  some  writers;  since  equation 
(51)  is  involved,  which  assumes  that  o'  and  o  are  both  small. 

Reactance-Variation  Method 

The  procedure  when  the  supplied  emf.  is  damped  is  the  same 
as  when  undamped,  two  observations  of  current  being  taken, 
one  at  resonance  and  the  other  after  varying  the  reactance. 
The  equations  for  decrement  are  only  slightly  different  from 
those  applying  to  undamped  current. 

Bjerknes'  classical  proof  shows  that  the  sum  of  the  decre- 
ments of  the  emf.  and  of  the  measuring  circuit  is  given  by  the 
same  expression  as  that  which  gives  the  decrement  of  the  meas- 
uring circuit  when  the  emf.  is  undamped.  Thus  (28)  becomes 
(61)  below,  and  the  equations  for  decrement  corresponding  to 
(21)  to  (25)  become 

^'^-^^^~^  (61) 

.'+.  =  .^i^,y^  (62) 

(63) 

(64) 

(65) 

These  formulas  are  correct  only  when:  (1)  the  coupling  between 
the  source  of  emf.  and  measuring  circuit  is  so  loose  that  the 
latter  does  not  appreciably  affect  the  former;  (2)  o   and  o  are 

(Q  _(7) 

both  small  compared  with  2  -,  and  (3)  the  ratio   ^   '"  — -   and 

the  corresponding  ratios  are  small  compared  with  unit}-.  From 
anj'  of  these  o  is  obtained  if  o  is  known  and  vice  versa.  If  a 
separate  measurement  is  made  by  the  method  of  equation  (57) 
above,  both  decrements  are  obtained. 

The  appearance  of  the  sum  (o  +  'o)  in  the  equations  does  not 
mean  that  the  current  flowing  in  the  measuring  circuit  actually 
has  a  decrement  equal  to  (o'  +  o).  As  a  matter  of  fact  the 
actual  decrement  of  the  current  is  a  value  nearly  equal  to  which- 
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ever  of  the  two,  o'  or  o,  is  the  smaller.  For  this  reason  the 
equations  involving  {(y-\-o)  can  not  be  extended  to  the  meas- 
urement of  the  sum  of  the  decrements  of  two  looseh*  coupled 
circuits  by  coupling  to  one  of  them  a  third  measuring  circuit, 
as  has  sometimes  been  tried. 

As  mentioned  earlier,  the  reactance-variation  method  is 
simplified  if  the  reactance  is  varied  by  such  an  amount  as  to 
make  Ir^^I/.  This  is  done  very  easily  when  the  current 
measuring  instrument  is  graduated  in  terms  of  current  squared. 
The  quantity  under  the  square  root  sign  in  all  the  preceding 
equations  becomes  unity,  greatly  simplifying  the  formulas. 
Calculation  may  be  entirely  eliminated  by  use  of  direct-reading 
decremeters  as  previously  described.  Such  instruments  when 
thus  used  with  damped  waves  give  directly  (o'-l-o). 

SUMMARY:  The  methods  of  measuring  resistance  and  related  quantities  at 
radio  frequencies  are  fewer  in  number  and  necessarily  different  from  those  at 
low  frequencies.  The  conditions  of  such  measurements  and  the  relations  of 
various  methods  have  not  previously  been  given  in  comprehensive  fashion. 
This  paper  shows  the  relations  between  resistance,  phase  difference,  sharp- 
ness of  resonance,  and  decrement.  The  methods  of  measurement  are  de- 
rived and  classified.  Most  of  the  valuable  methods  are  comprised  under  the 
resistance-variation  and  reactance-variation  methods.  Special  direct-reading 
methods  of  measuring  phase  difference  and  decrement  are  presented.* 

*Extra  copies  of  the  special  scales  of  figures  7,  8,  9  can  be  obtained  from 
The  Institute  of  Radio  Engineers  by  addressing  the  Editor,  The  College  of 
the  City  of  New  York. 
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SYMBOLS  USED  IN  THIS  PAPER 

C  =  capacity  of  condenser  in  measuring  circuit. 
C  =  capacity  of  condenser  in  source  circuit. 

fZ  =  deflection  of  current  measuring  instrument, 
r/i  =  deflection  when  known  resistance  is  inserted  in  circuit. 
E  =  effective  electromotive  force. 
E,j  =  maximum  electromotive  force. 

/=  frequency  of  alternation. 

/  =  effective  current. 
/o  =  maximum  current. 
/;.  =  current  at  resonance. 
7i  =  current  when  either  resistance  or  reactance  of  circuit  is 

increased. 
L  =  self-inductance  of  circuit. 
M  =  mutual  inductance. 

.V  =  number  of  trains  of  oscillations  per  second. 
P  =  average  power. 

r  =  subscript  used  to  denote  resonance. 
R  =  resistance  of  circuit. 
/?i  =  known  resistance  inserted  in  circuit. 
Rj-  =  resistance  of  apparatus  under  measurement. 

6-  =  scale  setting. 
>S  =  sharpness  of  resonance 
X  =  reactance. 
Xi  =  change  of  reactaiUce. 
TF  =  average  energ3^ 

a  =  damping  factor. 

0  =  logarithmic  decrement  of  circuit. 
61  =  increase  in  decrement  caused  by  adding  resistance. 
o  =  decrement  of  applied  emf. 

£  =  base  of  napierian  logarithms  =  2.71828. 

6  =  phase  angle  of  C  or  of  L,  considering  the  resistance  to  be 

associated  with  it. 
/  =  wave  length. 
'»/^  =  phase  difference  of  C  or  L,  considering  the  resistance  to 

be  associated  with  it. 
(0  =  2  TzX frequency'. 


NOTE  ON  LOSSES  IN  SHEET  IRON  AT  RADIO 
FREQUENCIES* 

By 

Marius  Latour 

(Paris,  France) 

I.  The  study  of  Foucaiilt  currents  in  iron  sheets  at  high 
frequency  was  made  first  by  OUver  Heaviside,  and  later  by 
J.  J.  Thomson.^ 

Recently,  Mr.  Bethenod^  has  considered  the  complication 
caused  by  the  phenomenon  of  hysteresis,  and  has  introduced 
that  phenomenon  in  his  calculations  by  utilizing  the  method 
of  procedure  first  employed  by  Ferraris  (1888),  according  to 
which  hysteresis  is  supposed  to  cause  a  constant  lag  r  of  phase- 
angle  between  the  magnetic  induction  B  and  the  magnetizing 
field  H.  In  seeking  to  determine  the  final  phase-lag  between 
the  emf.  and  the  current  in  a  coil  having  a  closed  magnetic  cir- 
cuit, when  the  frequency  is  increased  indefinitely,  Mr.  Bethenod 
has  shown  that  this  limiting  phase-lag,  instead  of  being  equal 

to  ->  as  indicated  by  the  formulas  of  J.  J.  Thomson,  is  dim- 

'  T 

inished  by  an  angle  equal  to   -  by  the  effect  of  hysteresis.     In 

reality,  Mr.  Bethenod's  conclusion,  according  to  which  the 
limiting  angle  of  phase-lag,  between  the  emf.  and  the  current, 

T 

is  diminished  thru  hysteresis  by  an  angle  equal  to  ->   does  not 

seem  to  be  related  to  any  particular  interpretation  of  the  phenom- 
enon of  hysteresis.  It  is  natural,  in  fact,  that  the  losses  due 
to  hysteresis,  as  with  the  losses  due  to  Foucault  currents,  should 
tend  to  increase  the  "watt"  current  absorbed,  and,  consequently, 
should  tend  to  bring  the  current  more  nearly  in  phase  with  the 
emf. 

Before  proceeding  to  any  calculation,  it  is  easy  to  under- 

*  Received  by  the  Editor,  October  15,  191.S.     (This  paper  was  also  de- 
Hvered  before  the  Societe  Internationab  des  Electriciens.) 
1  "The  Electrician,"  volume  28,  1802,  page  509. 
^"La  Lumiere  Electrique,"  July  22,  lOlG,  volume  34,  2nd  Series,  page  73. 
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stand  how  hysteresis  influences  Foucault  currents,  and  to  under- 
stand how  Foucault  currents  may  influence  hysteresis  losses. 
If  we  assume  that  hysteresis  introduces  a  phase-lag  between 
magnetic  induction  and  ampere-turns,  we  can  understand  at 
once  that  the  introduction  of  Foucault  currents  into  the  equa- 
tions is  thereby  affected.  On  the  other  hand,  the  presence  of 
Foucault  currents  causes  the  magnetic  induction  in  iron  sheets 
to  vary  from  the  center  to  the  external  surface;  and  since  the 
losses  due  to  hysteresis  increase  according  to  a  power  of  the 
magnetic  induction  which  is  higher  than  the  first  power,  the 
losses  will  be  higher  than  if  the  magnetic  induction  in  the  sheet 
were  assumed  to  remain  uniform.  The  hysteresis  losses,  there- 
fore, depend  on  the  influence  of  Foucault  currents  on  the  dis- 
tribution of  magnetic  induction. 

It  will  be  principally  necessary  to  take  into  consideration 
this  distribution  of  magnetic  induction  in  the  sheet  in  order 
to  calculate  the  losses  due  to  hysteresis.  In  particular,  if  we 
assume  these  losses  to  be  proportional  to  the  square  of  the 
magnetic  induction,  which  is  all  the  more  likely  because,  at 
high  frequency,  the  magnetic  induction  is  always  low,  it  will  be 
necessary  to  know,  somehow,  the  effective  spatial  distribution- 
of  the  magnetic  induction  in  the  sheet. 

The  purpose  of  the  author  is  to  revise  the  methods  of  dealing 
mathematically  with  Foucault  currents,  and  to  study  the  in- 
fluence of  hysteresis  on  losses  due  to  Foucault  currents,  as  well 
as  to  study  the  losses  due  to  hysteresis  itself.  His  purpose  also 
is  to  obtain  formulas  which  are  useful  for  the  studj'  of  radio 
frequency  apparatus. 

II.  To  establish  the  equations  for  Foucault  currents,  the 
author  will  not  introduce  directly  the  general  equations  of  Max- 
well, as  is  usually  done;  these  equations  can  be  established  by 
equivalent  considerations  which  are  much  more  familiar  to 
engineers. 

Let  us  consider  (Figure  1)  a  sheet  of  thickness  2a.  Let  us 
take  as  origin  the  median  plane  XX,  parallel  to  the  two  faces 
of  the  sheet,  S  and  S'.  On  account  of  symmetry,  the  Foucault 
currents  which  go  thru  the  sheet  will  give  rise  to  currents  of 
equal  densities,  and  of  opposite  polarities  at  symmetrical  points 
X  and  x',  situated  at  equal  distances,  Ox  and  Ox',  from  the  origin 
0.  The  Foucault  currents  which  tend  to  form  a  shield  against 
the  magnetic  flux  which  is  passing  thru  the  sheet,  in  a  direction 
parallel  to  the  faces  S  and  S',  follow  the  directions  indicated 
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by  arrows  in  the  plane  of  the  figure.  It  should  be  noted,  more- 
over, that  the  ampere-turns  acting  to  produce  a  magnetic  field 
at  the  point  x,  are  those  due  to  currents  circulating  in  the  region 
at  the  right  of  Ox  and  at  the  left  of  Ox' .     The  currents  circulating 


X. 


Figure  1 


within  the  space  bounded  h\  the  planes  parallel  to  XX,  which 
pass  thru  x  and  x' ,  produce,  in  fact,  no  field  external  to  that 
space.  Let  us  designate  by  o  the  current-density  in  the  sheet 
at  the  point  x.  The  decrease  in  ampere-turns  per  centimeter, 
which  results  in  passing  from  a  thickness  dx  toward  the  external 
surface  *S  of  the  sheet,  is  o  dx.  The  magnetic  induction  B  at 
the  point  x  will  be  decreased  b}^  a  corresponding  amount  dB 
such  that 

dB=-4.-iJiddx 
whence 

dB 


dx 


=  -4-/X(J 


(1) 


In  realit}',  the  current  density  d  and  the  magnetic  induction 
B,  being  both  harmonic  functions  of  time,  can  be  expressed  as 
follows : 

d  =  di  sin  (0 1  —  02  cos  oj  t 
B  =  Bi  sin  (ot  —  Bo  cos  co  t 

in  which  equations  any  origin  can  be  taken  arbitrarily  for  time 
values  {t).  Under  those  conditions  equation  (1)  corresponds 
to  the  two  following  equations: 

dx 

dBz 

dx 

If  we  assume  that  hysteresis  introduces  an  angle  of  phase- 
lag,  r,  between  magnetic  induction  and  ampere-tunis,  we  can 
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=  -4-/^01 


(2) 


say  that  everything  happens,  as  far  as  the  ampere-turns  are  con- 
cerned, as  if  the  current  density,  o,  corresponded  to  a  j&ctitious 
density,  o,  having  a  phase-lag,  z,  such  that 

S'  =  Oi  sin  (  fl)  <  —  ■'■)—  62  cos  {(0  t  —  r) 

=  (r)i  COS  '^  —  f><y  sin t)  sin  tot—  (00  cos  t+Oj  si7i "'")  cos  iot 

Equations  (2)  then  become 

— —  =  — 4;r/A  (oi  COST  — oos?7iTj 
ax 


dB2 


(20 

=  —  4  r  /A  (02  cos  T+oi  sin  t) 


dx 

The  choice  between  equations  (2)  and  (2')  will  then  depend 
on  whether  the  phenomenon  of  hysteresis  is  to  be  taken  into 
consideration  or  not,  in  the  equations  for  Foucault  currents. 

We  now  proceed  to  establish  a  second  equation  by  a  simple 
consideration  which  follows. 

The  emf.  induced  per  centimeter  in  the  direction  XX  between 
the  two  planes  which  pass  thru  the  abscissa  points  x  and  x-\-dx  is 

—  —  Bdx=—(o  {Bi  cos  cot-\-B2  sin  lot)  dx 

This  emf.  must  be  exactly  balanced  by  the  difference  between 
the  ohmic  drop  per  centimeter  in  the  plane  passing  thru  x  and 
the  ohmic  drop  per  centimeter  in  the  plane  passing  thru  x-\-dx. 
This  difference  is  equal  to  ^  do,  where  6  designates  the  resistivity 
of  the  sheet.     We  therefore  have 

—  o)  (Bicos  lot-^-Bosin  cot)  dx  =  o  d3 

/d  01       .  d  02  \  ,  /„\ 

=  (-,-•  sin  <ot—  ~r^  cos  cot  jdx  {6) 

From  this  we  obtain  the  two  following  equations: 

CO  Di  =  0  — — 

'"  ,  (4) 

r>  d  Oi 

(0  tf2=  —  0  —r- 

dx 

From  equations  (2')  and  (4)  we  obtain  the  two  following 
equations  of  the  second  order: 

rf-  o,      4  -  /i  ^t>  /  ^  ,    >     •      \ 

-^— r  = (02  COS  r-\-oi  sin  r) 

'■!  (5) 

d^02  4:  77  f^  CO/,  ^        .         N 

T^  = [diCosT—  (j2SinT^) 

dx^  9      ^ 

6i 


Taking 


o 


=  2m-,    •\/l+smT  =  a,    Vl  — smT  =  /3 


we  obtain,  by  integration,  the  following: 

ih  7naxcosmftx 

(6) 


„max —max 

di=  —A cos m  P  x=  —A  sink  m a x cos m  ftx 


rnax    1       —max 

62  =  A sin  m  (i  x  =  A  cosh  max  sm  m  (i  x 

in  which  A  is  a  constant  of  integration.^ 

From  these  and  from  equation  (4),  the  values  of  Bi  and  B^ 
are  obtained: 

Bi  =  — '- —  («  sinh  m a. x  sin  mftx-\-  (3  cosh  max  cos  m (3 x) 
B2  =  —  ■ (P  sink  max  sin  m^x  —  a  cosh  m a  x  cos  w /S x) 

CO 

From  the  above  solution  (6)  we  obtain  the  maximum  current 
density  value  Omax  at  the  point  x: 

j^         

Omax  =  Vdi^  +  02^  =  '~7^  V cosh  2max\-\-cos2  m P x  (8) 

From  solution  (7)  we  obtain  the  maximum  value  of  magnetic 
induction  B^ioj  at  the  point  x: 

^max  =  — '' —  \/cosh  2  ui  ax  -\-  cos  2  m  /i  x  (9) 

(0 

We  can  now  determine  the  constant  A  by  starting  either 
from  the  apparent,  or  the  mean  magnetic  induction  in  the  sheet, 
or  from  the  external  ampere-turns  per  centimeter  (J)  which 
act  on  the  sheet. 

When  starting  from  the  apparent  magnetic  intluction  B^p^ 
it  is  to  be  noted  that  the  emf.  per  centimeter,  which  must  equal 
the  ohmic  drop  due  to  Foucault  currents  along  the  external 
surface  of  the  sheet,  is  (oB^pj,a.     We  therefore  have: 

(0  B„„„  a  =  ^—73.  (cosh  2  7)1  aa  —  cos  2  7n  ft  a) ' 
V2 
Whence : 

^^  \^2coaBapp  /jqX 

^  (cosh  2  m  aa  —  cos  2  w /J o) * 

^The  general  integral  would  require  a  secoiul  constant,  hut  it  is  found 
that  this  constant  must  he  equal  to  zero  in  order  tiiat  the  condition  of  sym- 
metry implying  81  =  82  =  ^  should  he  satisfied  for  x  =  0. 
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When  starting  from  the  external  ampere-turns,  J,  per  centi- 
meter, it  must  be  noted  that  tlie  magnetic  induction  at  the  sur- 
face of  the  sheet  must  be  equal  to  4  -/^  J.      We  therefore  have: 


4:-  fj.J  =  — ^ —  {cosh  2  m  a  a  -\-  cos  2  m  ft  a)  ^■ 


Whence; 


Qm{cosh2maa-\-cos2mfta)^ 


Apparent  Permeability. — Equating  (10)  and  (11)  we  have: 

\/2  a  B^pp  ^ 4r^./ 

{cosh2tnaa  —  cos  2  m  ft  a)       m  {cosh  2  m  aa-\-cos  2  m  ft  a)i 

From  this  we  obtain  immediately  an  expression  for  the 
apparent  permeability : 

_        /J.        (cosh  2ma a  —  cos  2  m  fta)^ 

-\/2  m  a  (cosh  2maa-\-cos  2m  ft  a)  ^  ^ 

This  expression  for  the  apparent  permeability  becomes 
identical  with  that  given  b}-  J.  J.  Thomson  when  we  assume 
7  =  0,  that  is  to  say  a  =  ft  =  l. 

It  is  necessary  to  know  the  expression  for  the  apparent  pei'- 
meability,  in  order  to  determine  the  given  or  apparent  magnetic 
induction,  as  a  function  of  the  available  ampere-turns,  in  an}^ 
given  radio  frequency  apparatus. 

III.  We  now  proceed  to  determine  the  Foucault  current 
and  hj^steresis  losses  as  a  function  of  the  mean  or  apparent 
magnetic  induction. 

Foucault  Current  Losses. — In  order  to  determine  the 
Foucault  current  losses,  it  is  necessary  to  determine  in  some 
manner  the  effective  value  in  space  of  the  current  densit}-  d,nax^ 
that  is  to  say,  the  value  of: 


1     C"     ,2 


d.V 


We  have 


(Omax)  a  I-  =  ^  I       (cOsh  2  m  a.  X  -  COS  2  m  ft  x)  d . 

za  Jo 


A-    /  sinh  2  m  aa      sin  2  mfta 


4:ma\  a  ft 

Bearing  in  mind  that  the  effective  current  density,  as  a  func- 
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tion  of  the  time,  is  -\/2  times  lower  than  the  maximum  density, 
the  Foucault  current  losses  per  cubic  centimeter  will  be: 

-,1,        A"^  o  (  sinh  2  tn  a  a      sin  2  m  /3  a 


Sma\  a  p 

If  we  replace  the  constant  A  by  its  value  obtained  from  (10), 
we  have, 

sinh  2  maa     sin  2mfia 

4:mQ cosh2maa  ~cos2mPa    "'^^ 

The  effect  of  hysteresis  on  Foucault  current  losses  is  readily 
seen.  Leaving  out  hysteresis,  the  expression  of  these  losses 
takes  the  simple  form: 

„^  _  10^  a  sinh  2.ma  —  sin  2  m  a  p2  {ir>'\ 

4/n?  cosh  2 ma  —  cos  2m a     ^^^ 

Hysteresis  Losses. — To  determine  the  hysteresis  losses, 
we  must  bear  in  mind  that  the  assumption  of  a  constant  phase- 
lag  r  of  the  magnetic  induction  B  behind  the  magnetizing  field 
H  supposes  the  hysteresis  losses  to  be  proportional  to  the  square 
of  the  maximum  induction.  It  is  therefore  necessary  to  deter- 
mine in  some  way  the  effective  value  of  B,„„_j  in  space. 

We  have: 

^2  02  1^2    /"a 

{Kiax)  a  V  =  ■ — -0 1     (cosh  2max  +  cos  2  m  fi  x)  d  x 

w  a    Jo 

__A^9^m^  /  sinh  2  m  a  a      sin  2  mfia 
2(o^a    \  a,  /3 

We  also  know  that  the  same  hypothesis  of  constant  phase- 
angle  between  the  magnetic  induction  B  and  the  magnetizing 
field  H  implies  that,  in  the  formula 

W  =  rj  Bl,„^ 
which   gives   the   hysteresis  losses  per  cycle,  the   value  of  tlic 

coefficient   a   is  equal  to Under    those    conditions,    the 

hysteresis  losses  per  cubic  centimeter  are  equal  to: 

,„    _  sin  T  10  A-"-  m  /  sinh  2  m  a  a      sin  2  m  /i  a 


^li.  2-K  2co''a\  a  ^ 

sin  T  A-Q  i  sinh  2  m  a  a  ,   sin  2  m  ft  a 


8     ma  \  a  ft 
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If  we  replace  the  constant  A  by  its  value  from  (10),  we  have: 
sink  2'maa      sin  2  mPa 
„.    _  co"  a  sin  t  a  ^  R^  (^^) 

4W      cosh2maa— cos2mfia     '^^^ 

Ratio  of  Losses. — The  ratio  of  h^'steresis  losses  to  Foucault 
current  losses  can  be  readily  determined.     We  find: 

sin  h2maa      sin2ni^a 


•=r-  =  sm  ^  (lo) 

v>  F        sinh2maa       sin2mfia 

a  ^ 

This  ratio  tends  toward  versin  z  in  proportion  as  the  fre- 
quency increases. 

Total  Losses. — The  expression  for  the  total  losses  takes 
the  form: 

^j,    ,  ^j,         la^  a  a  sink  2  m aa  —  fi  sin  amfta  j^  /  ^  _ x 

M>  +  H  H  =  :; — 7-^ ^ — ^ —  o  (16) 

4  m  f^    cosh  2maa—  cos  2  m pa 

If  the  calculation  were  not  complicated  by  introducing  the 
phase-angle  r,  and  by  seeking  to  determine  the  hysteresis  losses 
according  to  the  formula  for  losses  per  cycle  (10),  equation  (14) 
could  be  simplified  by  replacing  sin  t  b}'  its  value  4  /u,  ;j,  and  bj^ 
making  t  =  0,  that  is  to  say,  by  assuming  «  =  /3  =  l  everywhere 
else  in  the  equation ;  which  would  give  the  following  value  for  Wfj, 

„,       fj-r  (0^ a  8inh2ma-\-sin2ma  j^  /■-,4/\ 

^  H=   -7, J-^ ^ Kpn-  (14) 

?  m     cosh  2 m  a  —  cos  2m  a 

Taking  into  consideration  the  uncertainty  which  exists  in 
regard  to  the  exact  value  of  hysteresis  losses  per  cj^cle,  and 
owing  to  the  circumstances  that  all  authors  differ  as  to  the  value 
which  should  be  given  to  the  exponent  of  B,  to  which  the  losses 
are  proportional,  the  simplified  expression  for  Wjj,  given  in 
equation  (14  ),  may  often  be  utilized. 

Under  those  conditions,  the  total  losses  derived  from  (13'). 
and  (14'),  will  be  as  follows: 

(0- a  (l -\- 4  Tj /x)  sinh  2  m  a  „,  ^      ;x 

Wp  +  Wh  =  - — ;; — rw^ x o-^pp  ■  ( 16  ) 

4  m  ? cosh 2m  a  —  cos  2  ma 

Minimum  Losses. — It  is  possible  to  determine  the  losses 
per  cubic  centimeter  in  a  total  volume  containing  the  iron  sheets 
and  the  insulation  between  them. 

Let  £  be  the  thickness  of  the  insulation  between  the  sheets, 
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and  B'g^pp  the  mean  magnetic  induction  in  the  total  section  com- 
posed of  the  sheets  and  of  the  insulation  between  them.  The 
apparent  induction  in  the  sheet  itself  will  be: 

2a4-£  „, 
2  a       """ 

On  the  other  hand,  the  space  occupied  by  the  iron  will  be 

reduced  in  the  proportion .     Finally,  the  losses  per  cubic 

2  a-\-£ 

centimeter  of  total  space  will  be,  from  (16),  as  follows: 

_w-{2a-\-£)asinh2'maa  —  /3sin2mpa„;2        /  _\ 
""^     ^~        8^J      cosh2maa-cos2mPa  "^^     ^  ^ 

The  thickness  of  sheets  2  Ggpt  which  will  give  the  minimum 
of  loss  in  a  given  volume  for  a  given  magnetic  induction  B^pp 
will  be  that  which  will  always  give  the  minimum  value  to  the 
preceding  expression.  This  minimum  value  is  obtained  by 
taking  the  derivative  of  that  expression  with  respect  to  "a."  In 
other  words,  it  will  be  that  thickness  which  represents  the  solu- 
tion of  the  following  transcendental  equation: 

/^     ,    \  I  —  cosh2maacos2mPa  ,        .  ,  r. 

2m  (2a  +  £) r— — \-asinh2maa 

cos  h  Zrnaa  —  cos  2  m  pa 

-l3sin2)nfSa  =  0        (18) 
As  a  numerical  illustration,  let  us  take: 

/It  =  2000 
^>=4(10)* 
w  =  27:x30,000 
£  =  0.003 
From  this  we  have: 


"V      9 


m  =  J^^^^"=  243.5 


(0 

We  then  find  for  2aopt  the  following  values: 
With  smr  =  0.2       2a„p,  =  0.027    mm.  (0.001  inch) 
With  smT  =  0.3       2a„p,  =  0.0315  mm.  (0.0012  inch) 
With  sin  r  =  0.5       2  a„p<  =  0.0375  mm.  (0.0014  inch) 

Phase-Angle   Between  EMF.  and  Current  in  an  Induc- 
tance  Having   a   Closed   Magnetic   Circuit 
The  losses   have   been   evaluated   directly   without   seeking 
to  determine,   as  is  usually  done,  the   |)hase-angle  0  between 
the  emf.   and  the  current.     When   the  losses  are   known   this 
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phase-angle  can  be  determined  quite  easily  by  an  inverse  process. 
The  maximum  emf.  "V,"  induced  per  turn  per  square  cen- 
timeter will  be  (0  B^pp,  and  the  power  consumed  per  cubic  cen- 
timeter will,  therefore,  be: 

VJ       ,      ioB     J 

— -  cos  9  =         '^^     cos  9 

On  the  other  hand,  we  know  this  power  from  equation  (16) 
and  we  also  know  the  value  of  B^pp,  as  a  function  of  J,  from  that 
of  the  apparent  permeability.  Equating  these  two  expressions 
for  losses,  the  value  of  cos  (f>  ma}^  be  readily  obtained.  We  will 
have: 

1    a  sink  2maa  —  (3  gm  2  ni^a 
\/2  {cosh-  2maa  —  cos-  2  m  /3  a' 

When  m  tends  toward  infinity  cos  0  tends  toward  ~/^''  or 
-t  / — — —  ;  that  is  to  say,  (f>  tends  toward  the  angle  ^  —  ^' 


as 


^Ir.  Bethenod  has  shown.     We  have  in  fact : 


4 


l-\-sin  T 

— =  cos  ,  , 

2  V4 


Phase-Angle  Between  EMF.  and  Current  in  a  Coil  with 
Open  Magnetic  Circuit 

In  a  coil  having  an  open  magnetic  circuit,  which  includes 
an  air-gap  that  multiplies  the  apparent  reluctance  of  the  mag- 
netic circuit  by  A;,  the  magnetic  induction  for  the  same  ampere- 
turns,  J ,  will  be  divided  by  k.  Consequently,  the  losses  are 
divided  by  k^,  while  the  emf.  induced  at  the  terminals  is  divided 
by  k.  Under  those  conditions  it  will  be  found  that  the  phase- 
angle  0'  becomes  such  that : 

,,     cos^ 
cos  9  =  -~ — 

in  w'hich  cos  <f>  retains  the  value  indicated  in  the  preceding 
paragraph. 

In  proportion  as  the  air-gap  is  increased,  the  emf.  and  the 
current  tend  more  and  more  to  assume  the  quarter-phase  rela- 
tion. As  a  rule,  it  is  tan  4''  which  should  be  given  as  high  a 
value  as  possible. 

The  author  will  return  later  to  the  important  question  of  the 
construction  of  inductance  coils  with  low  losses  (with  or  without 
iron)  for  a  given  frequency. 


SUMMARY:  In  this  article  there  is  determined  the  power  dissipated  separ- 
ately by  Foucault  currents  and  by  hysteresis,  in  a  sheet  of  iron,  on  the  as- 
sumption that  there  exists  a  constant  angle  of  lag  between  the  magnetic 
induction  m  the  sheet  and  the  magnetizing  field  producing  it.  There  is  de- 
duced the  thickness  which  should  be  given  to  the  iron  sheets  of  apparatus 
supplied  with  radio  frequency  current,  in  order  that  the  total  power  expended 
shall  be  a  mmimum.  A  calculation  is  made  of  the  angle  of  lag  between  the 
voltage  and  the  current  in  the  circuit  of  an  inductance  coil. 
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THE  NATURAL  FREQUENCY  OF  AN  ELECTRIC  CIR- 
CUIT HAVING  AN  IRON  MAGNETIC  CIRCUIT* 

By 

h.  g.  cordes 

(Research  Engineer,  Bremerton,  Washington) 

The  natural  frequency  of  a  circuit  depends  upon  inductance 
and  capacitance  and  is  modified  by  resistance  and  conductance 
in  the  circuit.  When  the  inductance  consists  of  a  coil  which  has 
an  iron  magnetic  circuit,  the  effective  value  of  the  inductance 
of  the  coil  becomes  a  variable.  The  change  in  the  value  of  the 
inductance  is  attributed  to  eddy  currents  induced  in  the  iron. 
The  eddy  currents  vary  with  the  conductivity  and  permeability 
of  the  iron  and  the  thickness  of  the  laminations. 

Other  factors  remaining  constant,  the  frequency  of  an 
oscillatory  circuit  depends  upon  the  value  of  the  inductance  and 
the  effective  inductance  depends  upon  the  frequency  of  the 
oscillating  current  in  the  circuit.  The  problem  to  be  solved 
consists  in  finding  an  expression  showing  a  relation  between  these 
two  interdependent  quantities. 

The  application  of  such  an  expression  is  illustrated  by  the 
following  figure. 
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Figure  1 


Magnetic  flux  is  induced  in  the  iron  magnetic  circuit  M  when 
current  flows  thru  the  coil  L.  Let  B  represent  a  battery,  C  a 
condenser  and  S  a  switch.     When  ;S  is  closed  current  passes  thru 
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B,  L,  and  S.  Let  r  =  the  resistance  of  the  circuit,  and  assume 
the  potential  of  C  to  be  zero. 

Open  the  switch  S  quickly  so  that  no  sparking  takes  place. 
In  order  to  determine  the  rate  at  which  the  potential  rises  in 
C  and  the  maximum  potential  to  which  C  will  become  charged, 
it  is  necessary  to  know  the  inductance  of  L,  the  capacitance 
of  C,  the  resistance  r  and  the  initial  current  /  flowing  in  the 
circuit. 

Consider  the  potential  of  B  and  the  potential  drop  I  r  to  be 
negligible  compared  with  the  emf.  of  self-induction.  The  elec- 
tromagnetic energy  initially  stored  in  the  coil  is  3^  Li  /-,  where 
/  is  the  initial  current  and^Li  is  the  inductance  (coefficient  of 
self-induction)  of  the  coil  at  a  low  rate  of  change  of  the  current. 
The  value  of  Li  decreases  to  an  effective  value  L^,  as  the  aver- 
age rate  of  change  of  current  is  increased  due  to  an  increase  of 
eddy  currents  induced  in  the  iron.  Part  of  the  initial  electro- 
magnetic energy  is  transformed  into  electrostatic  energy,  and 
the  remainder  is  dissipated  in  the  form  of  heat  by  eddy  currents. 
The  effective  inductance  of  the  coil  is  directly  proportional 
to  the  total  flux  induced  by  the  current  thru  the  coil. 

A  method  developed  by  Dr.  C.  P.  Steinmetz  for  determining 
the  ratio  of  the  magnetic  flux  density  due  to  a  continuous  cur- 
rent, to  the  effective  magnetic  flux  densit}^  at  a  given  frequency 
of  alternating  magnetic  flux,  is  as  follows: 

Figure  2  shows  the  section  of  three  laminations  the  thickness 
of  which  =  2 Zo  and  length  =S.  The  thickness  2lo  is  negligible 
compared  to  the  length  S.  Current  flows  thru  the  conductor  Z 
and  in  the  direction  of  the  arrow  at  the  instant  considered.  The 
dotted  lines  show  the  path  along  which  magnetic  flux  is  induced 


"x:: 


J- 


Figure  2 
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by  the  current.  The  flux  induced  in  the  iron  is  large  compared 
with  that  induced  in  the  air  between  the  surface  of  the  lamina- 
tion and  the  surface  of  the  conductor.  The  latter  will  be  neg- 
lected and  the  total  flux  induced  will  be  considered  to  generate 
an  emf.  in  the  iron  at  the  surface  of  the  lamination. 

To  obtain  an  expression  for  the  flux  density  which  is  induced 
by  the  resultant  magnetomotive  force  of  the  current  in  the  con- 
ductor and  the  eddy  current  in  the  iron  the  instantaneous  direc- 
tion of  which  is  shown  by  arrows,  the  following  is  quoted  from 
Steinmetz's  "Transient  Electric  Phenomena  and  Oscillations," 
Chapter  VI  (first  edition): 

"Let  iu.  =  the  magnetic  permeability,  /  =  the  electric  con- 
ductivity, l  =  the  distance  of  a  layer  dl  from  the  center  line 
of  the  lamination,  and  2lo  =  ihe  total  thickness  of  the  lamination. 
If  then  /  =  the  current  density  in  the  layer  d  I  and  E  =  the  emf. 
per  unit  length  generated  in  the  zone  d  I  by  the  alternating 
magnetic  flux,  we  have 

I  =  ^E  (1) 

The  magnetic  flux  density  ^i  at  the  surface  l  =  lo  of  the  lamin- 
ation corresponds  to  the  impressed  or  external  mmf.  The  den- 
sity B  in  the  zone  d  I  corresponds  to  the  impressed  mmf.  plus 
the  sum  of  all  the  mmf.'s  in  the  zones  outside  of  d  I    or  from 

I  to  Ig. 

The  current  in  the  zone  dl  is 

Idl^XEdl  (2) 

and  produces  the  mmf. 

H  =  OAz/.Edl  (3) 

which  in  turn  would  produce  the  magnetic  flux  density 

dB  =  OAz/.i^Edl  (4) 

that  is,  the  magnetic  flux  density  B  at  the  two  sides  of  the  zone 
dl  differs  by  the  magnetic  flux  density  dB  (equation  (4) 
produced  by  the  mmf.  in  zone  d  I,  and  this  gives  the  differential 
equation  between  B,  E  and  I, 

f,^OA.>.,E  (5) 

The  emf.  generated  at  distance  I  from  the  center  of  the 
lamination  is  due  to  the  magnetic  flux  in  the  space  from  I  to 
lo-  Thus  the  emfs.  at  the  two  sides  of  the  zone  d  I  differ  from 
each  other  by  the  emf.  generated  by  the  magnetic  flux  B  d  I 
in  this  zone. 
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Considering  now  B,E  and  7  as  complex  quantities,  the  emf. 
dE,  that  is,  the  difference  between  the  emf.'s  at  the  two  sides 
of  the  zone  d I,  is  in  quadrature  ahead  oi  B  dl,  and  thus  denoted 

by 

dE=-j2-fB10-Ul  (6) 

where  /  is  the  frequencj'  of  the  alternating  magnetism. 
This  gives  the  second  differential  equation, 

^  =  -j2::fB10-'  (7) 

The  reader  is  referred  to  the  text  quoted  for  the  steps  by 
which  the  expression  for  the  average  flux  density  in  the  iron 
is  obtained.      It  is  briefly  as  follows: 

From  (o)  and  (6) 

D        {l-j)cl,        -{l-j)cl 

•         2  £(l-i)c'»-|-£-(l-»c'<.  ^   ^ 

where 


c=V0.4n:2/^'/^10-^  (9) 

The  average  value  of  the  flux  density  in  the  iron  is 

jl'Bdl  (10) 

Equation  (8)  in  (lO)  gives 

i>                  {l-J)clo       -a-j)cio 
D    ^  ^1  £ Zll (11) 

■"'   ii-j)cio  '  e^i-j)cio-^,-ii-j)cio  y  ^ 

The  absolute  value  of  B,„  is  the  square  root  of  the  sum  of 
the  squares  of  the  real  and  imaginary  terms  in  equation  (ll), 
which,  substituting  hyperbolic  and  circular  functions,  is 

D    _     ^1  jcosh 2clo  —  cos2clo  /^^\ 

"'~  cloV2  '    \cosh2clo+cos2clo  ^ 

The  inductance  of  a  conductor  or  coil  is  directly  propor- 
tional to  the  total  magnetic  flux  induced  by  the  current  in  the 
conductor  or  coil,  therefore 

L^B,  ^^^^ 

The  inductance  Li  is  due  to  the  flux  induced  in  the  iron  by 
the  mmf.  of  the  current  in  the  conductor  or  coil,  while  the 
inductance  L,^  is  due  to  the  flux  induced  in  the  iron  by  the  re- 
sultant mmf.'s  of  the  current  in  the  conductor  or  coil  and 
the  eddy  currents  in  the  iron. 
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When  the  conductor  Z  is  placed  at  an  appreciable  distance 
from  the  iron  or  the  distance  between  the  laminations  is  not 
negligible  compared  to  the  thickness  of  the  laminations,  then 
an  inductance  L^,  which  is  due  to  the  flux  induced  in  these 
spaces,  must  be  added  to  L,„  to  get  an  expression  for  the  total 
inductance  of  a  conductor  or  coil  at  very  high  frequencies. 
The  value  of  L,,  will  be  a  fractional  part  of  the  inductance  of  the 
conductor  or  coil  in  air,  and  its  value  may  be  calculated  when 
these  distances  are  known. 

The  natural  frequency  of  a  circuit  is 


1      /         1  /  r  g 


^     2  7:\{Lm+Lo)C     \2{L„+Lo)      2c)  ^^"^^ 

where  ?•  is  the  resistance  of  the  oscillatory  circuit  and  g  is  the 
conductance  of  the  condenser  dielectric.  The  quantities  Lo  and  g 
will  be  considered  negligible  so  that  (14)  becomes 

(15) 
(16) 


f-i 

7l\LmC 

r^ 

^W 

Solve 

(15) 

for  L,„, 
r    _       1 

(1+VT 

m 

-{27ifrCy 
2 

From 

(12) 

and 

(13) 

Lm  ' 

a  lop 

(cosh  2  do 
\cosh  2  do 

—  cos  2  doY 
-\- cos  2  do/ 

(17) 

where  a  =  VO^^A^IO^^  =  0.000281  V/W  (IS) 

For  brevity,  let  9  =  2  7r/rC  (19) 


l+Vl- 


/cosh  2  c  Zo  +  cos  2  do 

v=  I 

\cosh  2  do—  cos  2 c  I, 


From  (16)  and  (17) 


from  which 


(20) 
(21) 

(22) 


/=(.^4^)^'«  (23) 


,4;r-L,Cy 

The  factors  /'  and  s  are  both  functions  of  the  frequ(MU'y 
but  do  not  vary  appreciably  from  unity,  except  when  tiie  fri>- 
quency  is  low  or  the  I'csistance  is  high. 
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For    comparatively    high   frequencies    and    low    resistances, 
equation  (23)  becomes 

f_/_^k_V  (24) 

The  values  of  v  given  in  Table  I  were  calculated  from  assigned 
values  of  2  ck  in  equation  (21) 

From  (9)  and  (18).  _ 

2clo  =  aloV2f  (25) 

When  2  ch  is  greater  than  1.4,  the  value  of  /  in  (25)  should  be 
determined  by  equation  (24)  but  when  2  ch  is  less  than  1.4,  the 
value  of  /  to  be  substituted  in  (25)  is  more  accurately  determmed 

by  

f-±     /J ^  (26) 

where  /■  can  generallv  be  considered  negligible. 

From   (23)   and   (26),   (assuming  r  =  0  and  therefore  s  =  l), 

fl=.UL  (27) 

/       \  2  c  /o  r^ 

Substituting  in  (27)  the  values  of  1.4  and  1.054  of  Table  I 
for  2  ch  and  v  respectively  shows  that/i  cannot  be  less  than  0  966  / 
when  2ch  is  equal  to  or  less  than  1.4.  Table  I  shows  that  /„ 
(equation  (24))  cannot  differ  from  /  (equation  (23))  more  than 
8.5  per  cent  when  2  ch  is  greater  than  1.4  and  this  occurs  when 
2  ci  =  2  4  It  is  interesting  to  note  that  v  varies  most  from  unity 
when   tank  2ch  +  tan  2ch  =  0  which  occurs  in  the  table  when 

2ch  =  0,  2.4  and  5.5.  . 

The  resistance  of  an  oscillatory  circuit  does  not  appreciably 
affect  its  natural  frequency  unless  the  resistance  is  large.  The 
value  of  s  approaches  unity  as  the  value  of  q  approaches  zero. 
Equation  (19)  shows  that  q  =  0  when  r  =  0  and  also  that  q  =  0  when 
r  is  so  large  that  the  circuit  becomes  non-osciUatory  since  then 
/  =  0.  There  must  therefore  be  a  value  of  r  for  which  q  is  a 
maximum. 

From  (15)  and  (18) 


-^v£-6  ■  £V  (-) 


which  gives  a  maximum  value  of  q  when 


r  =  ^  (29) 
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which  may  be  compared  with  the  resistance  ''  =  \/~77^j  which 

renders  the  circuit  non-oscillatory. 

Substituting  (29)  in  (28)  shows  that 

qmax.  =  1  (30) 

The  value  of  q  depends  upon  the  product  r  /,  and  /  decreases 
as  r  increases,  therefore  q  and  s  do  not  vary  greatly  with  changes 
in  the  value  of  r.  Table  II  gives  values  for  q  and  the  corres- 
ponding values  of  s  as  computed  by  means  of  equation  (20). 

The  determination  of  q  is  made  in  a  manner  similar  to  2  clg 
The  value  of/  to  be  substituted  in  (19)  is  computed  from  either 
(24)  or  (26).  When  both  v  and  s  have  been  determined,  the 
natural  frequency  of  the  circuit  can  be  evaluated  by  means  of 
equation  (23).  If  y  s  differs  much  from  unity,  then  the  value  of 
/  in  (23)  can  be  u.sed  to  determine  new  values  of  2  do  and  q  from 
which  V  and  s  will  give  a  more  accurate  solution  for  /  in  (23). 

The  value  of  Li  in  (23)  and  (24)  can  be  calculated  from  the 
equation 

L.  =  *^^  (3.) 

for  a  coil  having  a  magnetic  circuit  the  mean  length  of  which  =  d, 
cross-sectional  area  of  iron  core  =  ^,  and  a  total  of  N  turns  of 
wire  forming  a  layer  over  a  large  part  of  the  length  d. 

To  illustrate  the  practical  application  of  equation  (23) 
an   example   will  be  given. 

Assume  fZ  =  50  cm.,  /„  =  0.03  cm.,  /  =  1.2xl0^  ai  =  2000, 
A  =  100  sq.  cm.,  iV  =  20,  and  C  =  0.1  microfarad. 

Then  from  (28) 

^^^4.X2000X100X400^^^^^^Q,^^ 

Substitute  in  (18) 

a/„  =  0.000281  X0.03x\/2000x  1.2x10*  =  0.0413 
From  these  values  in  (24) 

^^=U:.^X6.4.xlO«x0.1xlO-j   =8,793  cycles. 
To  find  the  value  of  v  substitute  in  (25),  which  gives 


2cl,  =  0.0413\/2x8793  =  5.477 

Referring  to  Table  I,  y=  1.0038   when   2   clo  =  5A77.     This 
correction  factor  adds  33  cycles  to  f„  or 

f=f^v  =  8,S2Q  cycles. 
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The  natural  frequency  of  the  circuit,  if  Li  is  substituted  for 
L,n  (equation  (26)),  is 

/]  =  3,550  cycles, 
or  the  presence  of  eddy  currents  in  the  iron  increases  the  natural 
frequency  by  the  factor  2.5. 

The  circuit  was  considered  to  have  negligible  resistance. 
A  resistance  of  45  ohms  is  required  to  decrease  the  frequency  one 
per  cent.  It  is  interesting  to  determine  the  resistance  which  will 
give  the  maximum  value  of  q. 

Substitute  /<,  s  for  /  in  (25)  which  is  equivalent  to  multipljdng 
the  former  value  of 

2c/oby  Vs,  or  2  cZ„  =  5.477  V(I63  =  4.35  or  ?>  =  0.9938,  therefore 

/=  8793  X 0.63  X 0.9938  =  5,505  cycles. 
In  (19),  put  q  =  l  and/=5,505,  and  solve  for  r;  then  r  =  289  ohms. 
It  will  be  noted  that  the  quantity  L,n  may  be  defined  by 
equations  (16)  and  (17),  or  by  the  equation, 

hL,,P  =  hCE-'  (32) 

in  which,  referring  to  Figure  1,  /  is  the  initial  current,  E  is  the 
potential  to  which  the  capacitance  C  becomes  charged,  the 
resistance  of  the  circuit  is  considered  negligible,  and  the  potential 
of  the  battery  is  considered  negligible  compared  to  the  potential 
E.  If  the  value  of  L„j  is  considered  the  same  in  both  instances, 
then  the  potential  E  can  be  calculated.  A  consequence  of  this 
assumption  is  that  the  eddy  current  loss,  W ,  during  the  first 
quarter  oscillation  is 

W  =  hP{L,-L„)  (33) 

where  hLiP  is  the  electromagnetic  energy  stored  in  the  coil 
when  the  switch  S  is  opened.  The  voltage  E  may  be  assumed  to 
rise  sinusoidally,  from  which  the  speed  required  in  opening  the 
switch  Si  without  a  spark  can  be  estimated. 

The  effective  inductance  in  the  direct  cui-rent  cii-cuit  of  a 
Poulsen  arc  generator  depends  upon  the  natural  fieciucncy  of  the 
magnet  coils  and  generator  in  series  with  the  antenna  capacitance, 
which  form  an  oscillatory  circuit  during  the  intei'val  of  each 
cycle  of  the  radio  frequency  current  that  the  arc  is  extinguished. 
A  large  loss  occurs  in  th(^  iron  du(^  to  radio  fi-equency  ed(l>' 
currents. 

Increase  of  permeance  du(>  to  the  presence  of  iron  is  accom- 
panied by  an  increase  of  conductance.  This  inhei'ent  jii'operty 
of  iron  will  not  allow  its  use  in  the  magnetic  circuit  of  a  radio 
frequency  oscillatory  electric  circuit  where  efficiency  is  an  es- 
sential r(^quirement. 
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cally  illustrated. 
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DISCUSSIONS 
on 

'THE  ELECTRICAL    OPERATION  AND    MECHANICAL 

DESIGN  OF  AN  IMPULSE  EXCITATION  MULTI-SPARK 

GROUP  RADIO  TRANSMITTER' t  BY  BOWDEN 

WASHINGTON 

FIRST  DISCUSSION* 

By 

Lieutenant  Ellery  W.  Stone,  U.  S.  N.  R.  F. 

(District  Communication  Superintendent,  Naval  Communication 
Service,  San  Diego,  California) 

Mr.  Washington's  paper  is  an  excellent  contribution  to  a 
subject  which  has  been  of  considerable  interest  to  me  for  the  last 
four  j^ears.  However,  I  cannot  subscribe  to  his  statement  in  the 
first  paragraph  of  his  article  that  impact  excitation  has  not  "been 
put  into  thoroly  practical  operation  before."  To  do  so  is  to 
ignore  the  published  accounts  of  various  other  types  of  prior 
impulse  excitation  transmitters. 

In  particular,  I  have  reference  to  the  impulse  excitation  trans- 
mitter of  the  C.  Lorenz  Company  of  Berlin,  described  in  volume  1, 
number  4,  of  the  Proceedings  of  this  Institute,  the  impulse 
excitation  transmitter  described  by  me  in  volume  4,  numbei*  3 
and  volume  5,  number  2,  of  the  Proceedings,  and  the  impulse 
transmitters  of  the  Kilbourne  &  Clark  Manufacturing  Company 
which  have  been  described  in  United  States  letters  patent  owned 
by  that  company  and  in  other  technical  publications. 

The  extensive  use  and  thoroly  practical  features  of  the  "Mul- 
titone"  (Lorenz)  system  are  too  well  known  to  require  further 
discussion  here. 

In  connection  with  the  impulse  excitation  transmitter  de- 
signed by  me,  I  may  state  that  following  the  publication  of  my 
gap  and  gap  circuit  designs  in  the  two  papers  noted  above,  with 
a  view  toward  allowing  any  interested  party  to  use  them  gratis, 
this  system  of  transmitter  was  adopted  by  the  Hallor  Cuimingham 

*  Received  by  the  Editor,  December  30,  1918. 

t  Published  in  the  Proceedings  of  The  Institute  of  Radio  Engineers, 
volume  6,  number  6. 
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Electric  Compaii}^  of  San  Francisco.  Certain  mechanical  im- 
provements in  the  original  design  have  been  made  by  them  from 
time  to  time.  The  practical  adoption  which  has  been  accorded 
this  t3^pe  of  transmitter  is  evidenced  b}'  that  company's  adver- 
tisements, appearing  monthty  in  the  Proceedings. 

The  Kilbourne  &  Clark  Company,  who  were  pioneers  in  this 
work,  have  on  the  market  two  types  of  impulse  transmitters, 
known  respectively  as  the  "Simpson"  and  "Thompson"  trans- 
mitters (after  their  designers).  A  novel  type  of  gap  together 
with  a  gap  circuit  of  aperiodic  constants  is  employed  in  each. 
It  does  not  appear  necessary,  in  the  face  of  their  extensive  sales, 
to  comment  on  the  practicabilitj'  of  their  operation. 

It  may  be  of  interest  to  note  that  the  first  impulse  excitation 
transmitter  was  designed  by  Lodge  in  his  United  States  Letter 
Patent  609,154,  inasmuch  as  he  provided  for  gap  and  antenna 
circuits  without  resonant  tuning,  and  for  a  gap  of  high  resistance 
("polished  and  protected  from  ultra-violet  light,  so  as  to  supply 
the  electric  charge  in  as  sudden  a  manner  as  possible").  With 
the  expiration  of  this  patent  in  1915,  the  field  was  opened  for  its 
adoption  bj^  those  companies  not  desiring  to  make  use  of  the 
Marconi  four-tuned-circuit  patent. 

In  this  connection,  interest  attaches  itself  to  a  statement  of 
somewhat  prophetic  tone  made  by  Mr.  Robert  ^larriott  in  1913, 
in  his  discussion  of  the  Lorenz  paper  noted  above,  which  I  quote 
below : 

"It  is  interesting  to  note  that  in  the  case  of  'ideal'  impulse 
excitation,  where  the  primary  and  secondary  circuits  need  not 
be  syntonized,  various  patents  covering  such  tuning  are  avoided." 
The  use  of  an  untuned  secondary  receiver  with  an  impulse 
transmitter,  which  procedure  has  been  adopted  by  Kilbourne 
&  Clark,  Haller  Cunningham,  and  apparenth"  b}'  Cutting  and 
Washington,  is  a  further  reversion  to  the  disclosures  of  the  Lodge 
patent,  in  which  such  a  receiver  is  described.  I  am  in  hearty 
agreement  with  Mr.  Washington  as  to  the  advantages  of  this 
tj'pe  of  receiver  over  the  coupled  tuned  circuit  type,  when  used 
commercially  with  a  crystal  detector. 

The  almost  undamped  or  continuous  nature  of  the  antenna 
current  due  to  partial  discharges,  noted  by  Mr.  Washington,  is 
characteristic  of  true  impulse  excitation,  as  observed  in  my  papers 
in  which  comment  was  made  on  the  increase  in  signal  strength 
with  tikker  and  beat  reception. 

Mr.  Washington's  "concentration  circuit"  appears  to  play 
the  same  role  as  the  "tone"  circuit  of  other  impulse  transmitters. 

Si 


SECOND  DISCUSSION 

(In  Answer  to  the  Preceding  Discussion) 

By 

Ensign  Bowden  Washington,  U.  S.N.R.F. 

I  would  like  to  say  in  answer  to  Lieutenant  Stone's  interest- 
ing criticism  of  my  statement,  that  to  the  best  of  my  knowledge, 
"Impact  excitation  has  not  been  put  in  a  thoroly  practical 
operation  before."  I  was  speaking  only  from  such  data  as  I  had 
available  on  this  subject,  and  it  is  more  than  possible  that  my 
remarks  were  too  broad  in  scope.  The  inapplicability  of  Lieu- 
tenant Stone's  criticism  appears  to  be  somewhat  dependent  on 
the  definition  of  "impact  excitation."  I  have  always  felt  that 
this  expression  should  be  taken  to  mean  no  oscillations  in  the 
prirnary,  that  is,  the  transfer  of  energy  should  occur  during  one 
current  pulse.  Otherwise  it  is  only  a  matter  of  degree,  and  this 
seems  objectionable  for  a  definition. 

It  was  my  impression,  gathered  in  Europe  in  1913,  that  very 
few  Lorenz,  or  "Multitone,"  transmitters  were  put  in  practical 
commercial  operation,  and  that  these  few  gave  considerable 
trouble.  Among  other  things  mentioned  were  comnuitator 
troubles,  usually  present  in  high  voltage  direct  current  machines; 
and  it  was  stated  that  the  tone  circuit  was  extremely  critical  to 
the  condition  of  the  gap.  I  found  this  latter  to  be  true  of 
the  original  Chaffee  gap.  I  also  have  been  told  by  British  and 
French  signal  officers  that  the  German  Army  purchased  a  con- 
siderable number  of  these  sets  which  had  to  be  discarded  later 
as  highly  unreliable. 

I  am  strongly  of  the  impression  that  the  standard  Kilbourne 
&  Clark  transmitter,  as  marketed,  is  not  true  impact  excitation, 
but  is  highly  quenched.  I  had  an  opportunity  to  make  (juite 
extensive  tests  on  a  2  kilowatt  commercial  set  of  their  manu- 
facture at  the  Cruft  Laboratory  of  Harvard  Univ(Msity,  using 
a  Braun  tube  in  these  tests.  I  was  never  able  to  get  less  than 
2.5  complete  oscillations  in  the  primary  circuit,  and  the  set  dis- 
played one  characteristic  which  strongly  prejudiced  mc  towards 
the  belief  that  it  was  not  operating  as  a  true  impact  set,  apart 
from  the  evidence  obtained  with  the  Braun  t.ub(\  It  is  extremely 
critical  as  to  tuning,  more  so,  it  seems,  than  the  average  (iU(Miclied 
set.  In  this  connection  I  would  like  to  state  that  I  have  seen 
some  Braun  tubes  oscillograms  taken  on  this  type  of  transmitter 
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purporting  to  show  impact  excitation.  These  were  taken,  I 
beheve,  of  the  primarj'  condenser  voltage  with  no  time  axis  de- 
flection. A  single  heavy  line  on  one  side  of  the  zero  was  the 
result,  supposedly  showing  potential  in  but  one  direction.  This 
can  be  easily  explained; — as  the  condenser  charges  the  spot  moves 
very  slowly,  allowing  the  fluorescent  screen  to  be  exposed  to  the 
spot  for  some  time.  The  actual  oscillations  occur  in  a  very  much 
shorter  time,  and  unless  every  effort  is  made  to  have  the  spot 
exceedingly  bright,  there  will  be  no  lighting  of  the  path  of  the 
spot  due  to  the  oscillations.  The  gaps  appeared  very  little  dif- 
ferent in  general  construction  from  the  ordinarj'  quenched  gap, 
except  for  what  seemed  rather  inadequate  cooling  surfaces,  and 
the  gap  length,  0.010  inch  (0.4  mm.),  seems  long  for  this  tj-pe  of 
excitation. 

The  writer  did  considerable  work  on  the  "Hytone"  gap,  as 
manufactured  by  the  Clapp  Eastham  Company,  at  the  Jefferson 
Physical  Laboratory,  at  Harvard  University,  with  Dr.  Chaffee 
in  the  spring  of  1914.  The  Braun  tube  was  used  continuously; 
and  on  direct  current,  using  a  smooth  disk  it  was  possible  to  ob- 
tain pure  impact  excitation  under  ideal  conditions.  With  a 
segmented  gap,  the  following  difficulty  was  encountered  both  on 
direct  and  alternating  current.  When  the  gap  was  opened,  that 
is,  when  the  faces  of  the  segments  were  not  opposite  to  each  other, 
the  condenser  was  given  an  opportunity  to  charge  to  consider- 
able potential.  On  the  approach  of  the  segments  a  long,  stringy 
spark  would  pass,  followed  by  several  small  discharges.  The 
only  way  to  obtain  the  energy  of  this  first  spark  appeared  to  be 
to  tune  for  resonance,  and  adjust  for  proper  coupling.  It  was, 
however,  possible  to  quench  entirely  the  succeeding  minor  sparks 
b}^  properly  proportioning  the  circuits,  but  in  either  case  some 
energy  was  lost,  and  the  apparatus  was  far  from  efficient.  Al- 
cohol vapor  was  tried,  but  never  pressures  of  any  real  magnitude. 
Sixty  cycle  alternating  current  and  a  tone  circuit  were  also  tried 
on  the  smooth  gap,  but  both  the  tone  quality  and  tone  efficiency 
seemed  poor.  The  only  thoroh'  satisfactory  combination  as  to 
efficiency  and  functioning  appeared  to  be  the  smooth  gap,  direct 
current,  and  a  tone  circuit.  This  was  open  to  the  practical  ob- 
jections of  a  high  voltage  direct  current  generator.  Also,  tho 
several  gaps  were  constructed,  it  would  seem  difficult  to  obtain 
a  gap  which  would  keep  its  adjustments  for  spark  length  thruout 
the  range  of  temperature  encountered  during  a  long  run  starting 
with  a  cold  gap. 

I  should  like  to  take  exception  to  the  term   "partial  dis- 
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charges."  I  cannot  conceive  of  a  discharging  condenser  being 
stopped  in  "mid  air,"  so  to  speak,  and  if  it  is  meant  that  the 
condenser  is  only  partially  charged,  what  constitutes  a  full 
charge? 

It  may  also  be  pointed  out  that  the  "concentration  circuit" 
does  not  function  in  the  same  manner,  or  rather  to  the  same  pur- 
pose, as  a  tone  circuit.  This  type  of  transmitter  is  entirely  de- 
pendent on  the  generator  frequency  as  to  the  radio  frequency  of 
the  emitted  groups.  The  concentration  circuit  is  merely  to 
group  the  discharges  so  as  to  give  the  proper  form  to  the  antenna 
envelope  for  maximum  tone  efficiency. 


87 


I 


VOLUME  7  APRIL,    1919  NUMBER  2 

PROCEEDINGS 

(S{\t  Jitatttut?  of  UaJito 
iEnstn^^ra 


(INCORPORATED) 


TABLE  OF  CONTENTS 


COMMITTEES  AND  OFFICERS  OF  THE  INSTITUTE 


INSTITUTE  NOTICE 


TECHNICAL  PAPERS  AND  DISCUSSIONS 


EDITED  BY 
ALFRED  N.  GOLDSMITH,  Ph.D. 


PUBLISHED  EVERY  TWO  MONTHS  BY 

THE  INSTITUTE  OF  RADIO  ENGINEERS,  iNC 

THE  COLLEGE  OF  THE  CITY  OF  NEW  YORK 

THE  TABLE  OF  CONTENTS  FOLLOWS  ON  PAGE  91 


GENERAL   INFORMATION 


The  right  to  reprmt  limited  portions  or  abstracts  of  the  articles,  discus- 
sions, or  editorial  notes  in  the  Proceedings  is  granted  on  the  express  con- 
dition that  specific  reference  shall  be  made  to  the  source  of  such  material. 
Diagrams  and  photographs  in  the  Proceedings  may  not  be  reproduced  with- 
out securing  permission  to  do  so  from  the  Institute  thru  the  Editor. 

Those  desiring  to  present  original  papers  before  The  Institute  of  Radio 
Engineers  are  invited  to  submit  their  manuscript  to  the  Editor. 

jSIanuscripts  and  letters  bearing  on  the  Proceedings  should  be  sent  to 
Alfred  N.  Goldsmith,  Editor  of  PubUcations,  The  College  of  The  City  of  New 
York,  New  York. 

Requests  for  additional  copies  of  the  Proceedings  and  communications 
deaUng  with  Institute  matters  in  general  should  be  addressed  to  the  Secre- 
tary, The  Institute  of  Radio  Engineers,  The  College  of  the  City  of  New  York, 
New  York. 

The  Proceedings  of  the  Institute  are  pubhshed  every  two  months  and 
contain  the  papers  and  the  discussions  thereon  as  presented  at  the  meetings 
in  New  York,  Washington,  Boston,  Seattle,  or  Philadelphia. 

Payment  of  the  annual  dues  by  a  member  entitles  him  to  one  copj-  of 
each  number  of  the  Proceedings  issued  during  the  period  of  his  membership. 
Members  may  purchase,  when  available,  copies  of  the  Proceedings  issued 
prior  to  their  election  at  75  cents  each. 

Subscriptions  to  the  Proceedings  are  received  from  non-members  at  the 
rate  of  $1.00  per  copy  or  $6.00  per  year.  To  foreign  countries  the  rates  are 
'$1.10  per  copy  or  $6.60  per  year.  A  discount  of  25  per  cent  is  allowed  to 
libraries  and  booksellers.  The  Enghsh  distributing  agency  is  "The  Electrician 
Printing  and  Publishing  Company,"  Fleet  Street,  London,  E.  C. 

Members  presenting  papers  before  the  Institute  are  entitled  to  ten  copies 
of  the  paper  and  of  the  discussion.  Arrangements  for  the  purchase  of  reprints 
of  separate  papers  can  be  made  thru  the  Editor. 

It  is  understood  that  the  statements  and  opinions  given  in  the  Proceed- 
ings are  the  views  of  the  individual  members  to  whom  the}'  are  credited,  and 
are  not  binding  on  the  membership  of  the  Institute  as  a  whole. 


Copyright,  1919,  by 

THE  INSTITUTE  OF  RADIO  ENGINEERS,  inc. 

The  College  of  the  City  of  New  York 

New  York,  N.  Y. 


CONTENTS 

Page 
Officers  and  Past  Presidents  of  the  Institute      .  .  .  .92 

Committees  of  the  Institute  .......       93 

Institute  Notices:  Board  of  Direction  Annual  Award  of  [Medal 

ofHonor;  AND  THE  Morris  LiEBMANN  Memorial  Prize        .         .       95 

H.  J.  Van  Der  Bijl,  ''Theory  and  Operating  Characteristics  of 

THE  Thermionic  Amplifier"      .......       97 

Stuart  Ballantine,  "The  Operational  Characteristics  of  Ther- 
mionic Amplifiers"  ........     129 

Discussion  on  the  Above  Paper     .......     162 

John  R.  Carson,  "A  Theoretical  Study  of  thi:  Three-Ele.ment 

Vacuum  Tube"         .........     1S7 


OFFICERS  AND  BOARD  OF  DIRECTION.   1919 
(Terms   expire  January    1,    1920;   except   as  otherwise   noted.) 


president 
George  W.  Pierce 

vice-president 

John  V.  L.  Hogan 

treasurer  secretary 

Warren  F.  Hubley  Alfred  N.  Goldsmith 

editor  of  publications 

Alfred  N.  Goldsmith 

managers 

(Serving  until  January  5,  1921) 
Captain  Guy  Hill  Major-General  George  0.  Squier 

(Serving  until  January  7,  1920) 
Ernst  F.  W.  Alexanderson        Lieut.  George  H.  Lewis 
Captain  Edwin  H.  Armstrong      Michael  I.  Pupin 
George  S.  Davis  David  Sarnoff 

Lloyd  Espenschied  John  Stone  Stone 


WASHINGTON  SECTION 

executive  committee 
chairman  secretary-treasurer 

Major-General.  George  O.  Squier         George  H.  Clark, 

War  Department,  Navy  Department, 

Washington,  D.  C.  Washington,  D.  C. 

Charles  J.  Pannill 

Radio,  Va. 

BOSTON  SECTION 

CHAIRMAN  SECRETARY-TREASURER 

A.  E.  Kennelly,  Melville  Eastham, 

Harvard  University,  11  Windsor  Street, 

Cambridge,  Mass.  Cambridge,  Mass. 

SEATTLE  SECTION 
chairman  secretary-treasurer 

Robert  H.  Marriott,  Philip  D.  Naugle, 

715  Fourth  Street,  71  Columbia  Street, 

Bremerton,  Wash.  Seattle,  Wash. 

92 


SAN  FRANCISCO  SECTION 

CHAIRMAN  SECRETARY-TREASURER 

W.  W.  Hanscom,  V.  Ford  Greaves, 

848  Clayton  Street,  526  Custom  House, 

San  Francisco,  Cal.  San  Francisco,   Ca^ 

H.  G.  Aylsworth 
145  New  Montgomery  Street 
San  Francisco,  Cal. 


PAST-PRESIDENTS 

society  of  wireless  telegraph  engineers 

John  Stone  Stone,  1907-8  Lee  De  Forest,  1909-10 

Fritz  Lowenstein,  1911-12 

the  WIRELESS  INSTITUTE 

Robert  H.  Marriott,  1909-10-11-12 
the  institute  of  radio  engineers 
Robert  H.  Marriott,  1912        Greenleaf  W.  Pickard,  1913 
Louis  W.  Austin,  1914  John  Stone  Stone,  1915 

Arthur  E.  Kennelly,  1916       Michael  I.  Pupin,  1917 


STANDING  COMMITTEES 
1919 


committee  on  STANDARDIZATION 


John  V.  L.  Hogan,  Chairman 
E.  F.  W.  Alexanderson 
Captain  Edwin  H.  Armstkoxg 
Louis  W.  Austin    . 
A.  A.  Campbell  Swintox 
George  H.  Clark   . 
William  Duddell  . 
Leonard  Fuller    . 
Alfred  N.  Goldsmith   . 
Captain  Guy  Hill 
Lester  Israel 
Frederick  A.  Kolster 
Lieutenant  George  H.  Lew 
Valdemar  Poulsen 
George  W.  Pierce 
,1  OHN  Stone  Stone 


Brooklyn,  N.  V 

.   Schenectady,  N.  Y. 

.      New  York,  N.  Y. 

Washington,  D.  C. 

London,  England 

Washington,  D.  C. 

London,  England 

.    San  Francisco,  Cal. 

Xew  York,  N.  Y. 

Washington,  D.  C. 

Washington,  D.  C. 

Washington,  D.  C^ 

Brooklyn,  \.  Y. 

Copenhagen,  Denmark 

Canil)ridge,  Mass. 

.       Xew  York.  \.  Y. 


Charles  H.  Taylor New  York,  N.  Y. 

Rot  a.  We  AG  ant    .  Roselle,  N.  J. 

COMMITTEE  ON  PUBLICITY 

David  Sarnoff,  Chairman ■    .  .       New  York,  N.  Y 

John  V.  L.  Hogan Brooklyn,  N.  Y. 

Robert  H.  Marriott  .       .    Seattle,  Wash. 

Louis  G.  Pacent New  York,  N.  Y. 

Charles  J.  Pannill  .       .  Radio,  Va, 

Robert  B.  Woolverton  San  Francisco,  Cal. 

COMMITTEE  ON  PAPERS 
Alfred  N.  Goldsmith,  Chairman        .... 

E.  Leon  Chaffee 

George  H.  Clark 

Melville  Eastham 

John  V.  L.  Hogan 

Sir  Henry  Norman 

WicHi  Torikata 


New  Y^ork,  N.  Y 

Cambridge,  Mass. 

Washington,  D.  C. 

Cambridge,  Mass. 

Brooklyn,  N.  Y. 

London,  England 

.     Tokyo,  Japan 


SPECIAL   COMMITTEES 

COMMITTEE  ON  INCREASE  OF  MEMBERSHIP 


Warren  F.  Hubley,  Chairman 
J.  W.  B.  Foley 
Lloyd  Espenschied 
John  V.  L.  Hogan 
David  Sarnoff 


.    Newark,  N.  J. 

Port  Arthur,  Texas 

New  Y'ork,  N.  Y. 

Brooklyn,  N.  Y. 

New  York,  N.  Y. 


ANNUAL  AWARD  OF  A  MEDAL  OF  HONOR 
By  the  Board  of  Direction  of  the  Institute 

By  vote  of  the  Board  of  Direction  at  the  February  15,  1917, 
meeting,  there  will  be  awarded  annually  a  Medal  of  Honor  of 
The  Institute  of  Radio  Engineers  under  the  conditions  set  forth 
below.  The  medal,  which  has  been  designed  by  the  well-known 
sculptor,  Mr.  Edward  Field  Sanford,  Junior,  of  New  York,  has 
on  its  face  a  symbolic  representation  of  electromagnetic  waves 
and    the    words:    "Institute    of    Radio   Engineers."       On 

the  reverse  are  a  laurel  wreath  and  the  words:  "To 

In  Recognition  of  Distinguished  Service  In  Radio  Com- 
munication   (date)." 

The  medal  will  l)e  awarded  annually  by  vote  of  the  Board 
of  Direction  of  the  Institute  at  its  April  meeting  to  that  person, 
who,  during  the  previous  year  (January  thru  December)  shall 
have  made  public  the  greatest  advance  in  the  science  or  art  of 
radio  communication.  The  advance  may  be  an  unpatented 
or  patented  invention,  but  it  must  be  completely  and  adequately 
described  in  a  scientific  or  engineering  publication  of  recognized 
standing  and  must  be  in  actual  (tho  not  necessarily  commercial) 
operation.  However,  preference  will  be  given  to  widely  used 
and  widely  useful  inventions.  The  advance  may  also  l)c  a 
scientific  analysis  or  explanation  or  hitherto  unexplained  phe- 
nomena of  distinct  importance  to  the  radio  art,  tho  the  apj^lica- 
tion  thereof  need  not  be  immediate.  Preference  will  l)e  given 
analyses  directly  applicable  in  the  art.  In  this  case,  also,  pub- 
lication must  be  in  full  and  approved  form.  The  advance  may 
further  be  a  new  system  of  traffic  regulation  or  control;  a  new 
system  of  administration  of  I'adio  companies  or  of  the  radio 
service  of  steamship,  railroad,  or  other  companies;  a  legislative 
program  beneficial  to  the  radio  art;  or  any  portion  of  the  o])(m-- 
ating  or  regulating  features  of  the  art.  It  must  be  publicly 
described  in  clear  and  approved  form,  and  must,  in  general,  be 
actually  adopted  in  practice. 

The  method  of  awarding  the  medal  is  as  follows : 

1.  At  least  30  days  before  the  April  meeting,  the  Board 
of  Direction  shall  call,  from  a  number  of  Members  and  I-'ellows 
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of  the  Institute  whom  it  may  choose  to  consult,  for  suggested 
candidates. 

2.  At  the  April  meeting  of  the  Board,  those  actually  present 
or  voting  by  mail  shall  nominate  at  least  one,  but  not  more 
than  three  candidates  for  the  award,  in  order  of  preference. 
The  names  of  these  candidates  shall  then  be  sent  to  each  member 
of  the  Board,  and  each  member  of  the  Board  shall  have  the  priv- 
ilege of  returning  a  vote  for  one  candidate.  Four  weeks  after 
the  April  meeting,  the  ballots  shall  be  read,  and  the  candidate 
receiving  the  most  votes  shall  be  awarded  the  medal. 

3.  The  official  presentation  of  the  medal  to  the  successful 
candidate  or  his  representative  shall  be  at  the  May  or  June  meet- 
ing immediately  following.  The  person  awarded  the  medal 
shall  be  privileged  to  indicate  this  fact  in  giving  his  titles  and 
honors  in  the  fashion  customary  in  learned  and  artistic  societies: 
thus — Mr.  William  Jones,  E.E.,  Medal  (or  Award)  of  Honor, 
Institute  of  Radio  Engineers,  191-. 

For  1917,  the  medal  was  awarded  to  Mr.  (now  Captain) 
Edwin  H.  Armstrong  in  recognition  of  his  work  and  publica- 
tions dealing  with  the  action  of  the  oscillating  and  non-oscillat- 
ing audion.  For  1918,  in  view  of  the  limitation  of  publication 
brought  about  by  war  conditions,  no  award  was  made. 

THE  MORRIS  LIEBMANN  MEMORIAL  PRIZE 

The  Board  of  Direction  of  The  Institute  of  Radio  Engineers, 
at  its  regular  meeting  held  on  February  5,  1919,  accepted  a  gift 
of  $10,000  to  The  Institute  of  Radio  Engineers,  from  an  anony- 
mous donor,  himself  a  friend  and  member  of  the  Institute,  to 
"preserve  the  memory  of  our  late  friend  and  fellow  member. 
Colonel  Morris  N.  Liebmann,  who  has  sacrificed  his  life  in  the 
cause  of  our  country." 

The  principal  of  this  fund  will  be  preserved  in  perpetuity 
and  the  annual  income  derived  therefrom  only  will  be  expended. 
The  present  amount  of  this  income  is  $425.00  per  annum,  and 
is  to  be  awarded  each  year  on  the  first  day  of  October  (beginning 
October  1,  1919),  by  a  special  committee  appointed  annually 
by  the  Board  of  Direction,  to  that  member  of  the  Institute, 
who,  in  the  opinion  of  this  committee,  shall  have  made  the 
most  important  contribution  to  the  radio  art  during  the  preceding 
calendar  j^ear. 

This  annual  award  is  to  be  known  as  the  "Morris  Liebmann 
Memorial  Prize"  and  it  is  hoped  will  act  as  an  additional  incen- 
tive to  the  further  rapid  development  of  radio  communication. 
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THEORY    AND    OPERATING    CHARACTERISTICS    OF 
THE  THERMIONIC  AMPLIFIER* 

By 

H.  J,  VAN  DER  BiJL,  M.A.,  Ph.D. 

(Western  Electric  Company,  Incorporated,  New  York  City) 

I.    Introduction 

The  three-electrode  thermionic  tube  has  been  responsible 
for  a  great  deal  of  the  recent  rather  remarkable  developments 
in  the  art  of  radio  communication.  In  its  most  commonly 
known  form  it  consists  of  an  evacuated  vessel  containing  a  hot 
filament  cathode,  an  anode  placed  at  a  convenient  distance  from 
the  cathode  and  a  third  electrode  in  the  form  of  a  grid  placed 
between  cathode  and  anode.  To  discuss  in  detail  the  theory 
of  operation  of  the  device  in  its  various  applications,  such  as 
oscillation  generator,  radio  detector,  and  amplifier  would  be 
beyond  the  scope  of  the  present  paper.  What  I  intend  to  give 
here  is  merely  its  fundamental  principles  of  operation,  with  par- 
ticular reference  to  its  application  as  an  amplifier.  The  frame- 
work of  this  theory  was  worked  out  in  the  winter  of  1913-14 
and  formed  the  basis  of  a  considerable  amount  of  i^search  and 
development  work  that  has  since  been  done  in  this  laboratory 
on  the  device  and  its  various  applications. 

A  condition  which  is  assumed  in  the  elaboration  of  the  views 
expressed  in  the  following  is  that  the  operation  of  the  device 
is  independent  of  any  gas  ionization,  or  in  other  words,  that  the 
current  is  carried  almost  entirely  by  the  electrons  emitted  from 
the  hot  cathode.  It  is,  of  course,  to  be  understood  that  it  is  at 
present  impossible  completely  to  eliminate  ionization  l)y  col- 
lision of  the  electrons  emitted  from  the  cathode  with  the  residual 
gas  molecules.  But  the  condition  assumed  can  always  be  real- 
ized practically  by  evacuating  the  tube  to  such  an  extent  that 
the  number  of  positive  ions  formed  by  collision  ionization  is 
always  small  compared  with  the  number  of  electrons  moving 
from  cathode  to  anode.  This  happens  when  the  mean  free  path 
of  the  electrons  in  the  residual  gas  becomes  large  compared  with 

*  Received  by  the  Editor,  October  28,  1918. 
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the  dimensions  of  the  device.  The  pressure  necessary  for  this 
is  not  very  low,  and  were  it  not  for  the  gases  occkided  in  the 
electrodes  and  walls  of  the  vessel,  it  would  be  a  comparatively 
simple  matter  to  make  the  tube  operate  independently  of  gas 
ionization.  The  energj-  liberated  by  the  electrons  striking  the 
anode,  however,  usualh^  causes  a  sufficient  rise  in  the  temper- 
ature of  the  device  to  liberate  enough  gas  to  increase  the  pres- 
sure unduly.^ 

This  is  especially  marked  in  the  case  of  tubes  handling  large 
amounts  of  power.  It  is,  therefore,  necessarj-  to  denude  the 
electrodes  and  walls  of  the  tube  of  gases  during  the  process  of 
evacuation.  Furthermore,  since  the  energy  liberated  at  the 
anode  increases  with  the  appHed  voltage,  it  is  seen  that  this 
voltage  must  be  kept  within  limits  depending  upon  the  degree  of 
evacuation  obtained.  This  is  verj'  important  when  using  the 
de\ace  as  a  telephone  relaj',  as  was  recognized  by  Dr.  Arnold 
of  this  laboratory  in  the  early  stages  of  his  experiments  with 
this  tA^pe  of  device.  As  is  well  known  to  workers  in  this  field, 
it  is  diflficult  to  keep  a  discharge  steady  and  reproducible  when 
ionization  by  collision  is  appreciable,  and  steadiness  and  re- 
productibility  are  conditions  which  must  be  complied  with  by 
a  telephone  relay. 

The  success  of  the  tubes  developed  by  the  Western  Electric 
Companj'  is  mainly  due  to  the  extensive  study  that  has  been 
made  of  the  bearing  of  the  structural  parameters  of  the  device 
on  its  operation.  It  is  hardly  possible  to  meet  the  requirements 
of  efficiency  and  satisfactorj-  operation  of  the  device  without 
an  explicit  mathematical  formulation  of  its  operation.  A  sat- 
isfactory telephone  relaj'  must,  for  example,  do  more  than 
merely  utilize  the  direct  current  power  in  its  local  circuit  to 
amplify'  alternating  current  power:  it  must  faithfully  reproduce 
the  incoming  speech  currents,  it  must  also  be  capable  of  handling 
sufiicient  power,  and  have  a  definite  impedance  that  can  con- 
veniently be  made  to  fit  the  impedance  of  the  telephone  line. 
Since  all  these  conditions  depend  on  the  structural  paramet^ 
of  the  amplifier,  they  wiH  not  be  satisfied  unless  the  amplifier 
be  properh'  designed,  and  so  much  distortion  may  be  produced  as 
to  make  the  device  worthless  as  a  telephone  relay.  On  the  other 
hand,  it  has  been  found  that  by  properly'  designing  the  amplifier 
the  above-named  requirements  can  be  met  very  satisfactorily. 

■^For  a  fuller  explanation  of  the  effect  of  gas,  see  H.  J.  van  der  Bijl, 
"Phys.  Rev.",  (2),  12,  page  174,  1918. 
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TI,    Current-Voltage    Characteristics    of    Simple 
Thermionic  Devices 

We  shall  not  here  enter  into  a  discussion  of  the  extensive 
investigations  that  have  been  carried  out  on  thermionics,  but 
merely,  for  the  purpose  of  elucidation,  touch  upon  those 
phases  of  the  subject  which  have  a  direct  bearing  on  the  theory 
of  operation  of  the  thermionic  amplifier. 

Consider  a  structure  consisting  of  a  heated  cathode  and 
an  anode,  and  contained  in  a  vessel  which  is  evacuated 
to  such  an  extent  that  the  residual  gas  does  not  play  any  part 
in  the  current  convection  from  cathode  to  anode.  The  number 
of  electrons  emitted  from  the  cathode  is  a  function  of  its  temper- 
ature. If  all  the  electrons  emitted  from  the  cathode  pass  to  the 
anode,  the  relation  between  the  resulting  current  /  and  cathode 
temperature  T  is  given  b}'  a  curve  of  the  nature  shown  in  Figure 
1.  This  curve  is  obtained  provided  the  voltage  between  anode 
and  cathode  is  alwaj^s  high  enough  to  drag  all  the  electrons  to 
the  anode  as  fast  as  they  are  emitted  from  the  cathode;  that  is, 
/  in  Figure  1  represents  the  saturation  current.     The  saturation 


Temperature  of  Cathode 
Figure  1 


current  is  obtained  in  the  following  waj':  Suppose  the  cathode 
be  maintained  at  a  constant  temperature  Ti  and  the  voltage 
V  between  anode  and  cathode  be  varied.  As  this  voltage  V 
is  raised  from  zero,  the  current  I  to  the  anode  at  first  increases, 


the  relation  between  T'  and  /  being  represented  by  the  curve 
OAi  of  Figure  2.  Any  increase  in  V  beyond  the  vakie  corre- 
sponding to  .4i  causes  no  further  increase  in  /,  and  we  get  the  part 
AiBi  of  the  curve.     Clearly  this  part  of  the  curve  corresponds 
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to  the  condition  when  all  the  emitted  electrons  are  drawn  to 
the  anode  as  fast  as  they  are  emitted  from  the  cathode.  If  the 
cathode  temperature  be  increased  to  T-2,  the  number  of  emitted 
electrons  is  increased,  and  we  get  the  curve  0  AiB<i.  When 
these  values  of  the  saturation  current  are  plotted  as  a  function 
of  the  temperature,  we  obtain  the  curve  of  Figure  1.  This 
curve  is  represented  very  approximateh'  by  the  equation 

I  =  o.T-^eT,  (l) 

where  a  and  h  are  constants.  This  eciuation  was  derived  by 
0.  W.  Richardson  in  1901-  on  the  basis  of  the  theory  that  the 
electrons  are  emitted  from  the  hot  cathode  without  the  help 
of  any  gas,  but  solely  in  virtue  of  their  kinetic  energy.  The 
formulation  of  this  theory'  was  the  first  definite  expression  of 
what  ma}'  be  termed  a  pure  electron  emission. 

In  the  state  in  which  Richardson's  equation  holds  the  cur- 


2"Proc.  Camb.  Phil.  Soc,"  volume    II,  28.5,  1901;  "Phil.  Trans.  Roy. 
See.,"  .\,  201,  190.3. 

100 


rent  is  independent  of  the  voltage.  Under  these  conditions 
the  device  to  be  treated  in  the  following  does  not  function  as 
amplifier  or  detectoi',  since  it  depends  for  its  operation  on  the 
variation  of  current  produced  by  variation  of  the  voltage.  In 
this  device  the  current  established  in  the  circuit  connecting 
filament  and  anode  (that  is,,  the  so-called  output  circuit)  by  the 
electrons  flowing  from  filament  to  anode  is  varied  by  potential 
variations  applied  between  the  filament  and  grid.  The  condi- 
tion under  which  the  cun-ent  is  a  fimction  of  the  voltage  is  rep- 
resented by  the  part  OA  of  Figure  2.  Here  the  voltage  is  not 
high  enough  to  draw  all  the  electrons  to  the  anode  as  fast  as  they 
are  emitted  from  the  cathode;  in  other  words,  there  are  more 
electrons  in  the  neighborhood  of  the  cathode  than  can  be  drawn 
away  by  the  applied  voltage.  It  was  first  pointed  out  explicitly 
by  C.  D.  Child  in  1911  that  this  limitation  to  the  current  is  due 
to  the  space  charge  effect  of  the  electrons  in  the  space  between 
anode  and  cathode.  The  influence  of  space  charge  is  something 
which  must  always  be  considered  where  conduction  takes  place 
by  means  of  dislodged  electrons  or  ions,  such  as  the  conduction 
thru  gases  at  all  pressures,  liquids,  and  high  vacua.  Assuming 
that  in  the  space  only  ions  of  one  sign  are  present,  Child  deduced 
the  equation:^ 

j=±    ^jl  (2) 

9  -  \  m      x^ 

In  this  equation,  which  was  deduced  on  the  assumption  that 
both  cathode  and  anode  are  equipotential  surfaces  of  infinite 
extent,  /  is  the  thermionic  current  per  square  centimeter  of 
cathode  surface,  V  the  voltage  between  anode  and  cathode,  x 
the  distance  between  them,  and  e  and  m  the  charge  and  mass  of 
the  ion,  respectively. 

When  the  full  space  charge  effect  exists,  the  current  is  inde- 
pendent of  the  temperature  of  the  cathode.  This  can  be  under- 
stood more  easily  with  reference  to  Figure  3,  which  gives  the 
current  as  a  function  of  the  temperature  of  the  cathode  for  various 
values  of  the  voltage  between  anode  and  cathode.  Suppose  a 
constant  voltage  Vi  be  applied  between  anode  and  cathode,  and 
the  temperature  of  the  cathode  be  gi'aduall}^  increased.  At 
first  when  the  temperature  is  still  low,  the  voltage  I'l  is  large 

3C.  D.  Child,  "Phvs.  Rov.,"  :«,  498,  1911.  Tho  space  cffoot  has  been 
fully  studied  l)v  .3.  Lilienfeld  ("Ann.  d.  Phys.."  ;32,  (i73,  1910);  1.  Langnuiir 
("Phys.  Rev.",  (2),  2,  4.50,  19i:|),  who  also  independently  derived  the  space 
charge  ecjuation  (2)  and  ]jublished  a  clear  explanation  of  the  limitation  of 
current  by  the  space  charge;  and  Schottky  ("Jahrb.  d.  Rad.  u.  Klektronik," 
volume  12,  147,  191.5). 
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enough  to  draw  all  the  emitted  electrons  to  the  anode,  and  an 
increase  in  the  temperature  results  in  an  increase  in  the  current. 
This  gives  the  part  OCi  of  the  curve  of  Figure  3.  When  the 
temperature  corresponding  to  Ci  is  reached,  so  many  electrons 
are  emitted  that  the  resulting  volume  densit}^  of  their  charge 
causes  all  other  emitted  electrons  to  be  repelled,  and  these  return 
to  the  filament.     Obviously  any  further  increase  in  the  tempera- 
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ture  of  the  cathode  be^'ond  that  given  by  C'l  causes  no  further 
increase  in  the  current,  and  we  obtain  the  horizontal  part  CiD\. 
If,  however,  the  voltage  be  raised  to  F2,  the  current  increases, 
since  more  electrons  are  now  drawn  away  from  the  supply  at 
the  filament,  the  full  space  charge  effect  being  maintained  by  less 
emitted  electrons  being  compelled  to  return  to  the  filament.  It  is 
now  clear  that  the  part  OC  of  Figure  3  corresponds  to  the  part 
AB  Qi  Figure  2  and  CD  of  Figure  3  to  OA  of  Figure  2.  The 
latter  represents  the  condition  under  which  the  thermionic 
amplifier  operates. 

It  is  important  to  note  that  the  thermionic  amplifier  operates 
under  the  condition  characterized  by  the  circumstances  that 
the  applied  voltage  is  not  sufficiently  high  to  give  the  saturation 
current. 
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III.    Action  of  the  Auxiliary  Electrode 

So  far  we  have  considered  the  case  of  a  simple  thermionic 
device  consisting  of  a  cathode  and  anode.  When  a  third  elec- 
trode is  added  to  the  system,  the  matter  becomes  more  com- 
plicated. 

The  insertion  of  a  third  electrode  to  control  the  current 
between  cathode  and  anode  is  due  to  de  Forest.'*  De  Forest 
later  gave  this  electrode  the  form  of  a  grid  placed  between 
cathode  and  anode.^  About  the  same  time  von  Baeyer^  used 
an  auxiliary  electrode  in  the  form  of  a  wire  gauze  to  control 
thermionic  discharge.  The  gauze  was  placed  between  the 
thermionic  cathode  and  the  anode. 

The  quantitative  effect  of  the  auxiliary  electrode  was  first 
given  by  the  present  writer.'^ 

To  get  an  idea  of  the  effect  of  the  auxiliary  electrode  consider 
the  circuit  shown  in  Figure  4.  F  denotes  the  cathode,  P  the 
anode,  and  G  the  auxiliary  electrode  which  is  in  the  form  of  a 
grid  between  F  and  P.  Let  the  potential  of  F  be  zero,  and  that 
of  P  be  maintained  positive  by  the  battery  E,  and  let  E^  for  the 
present  be  zero.  Now,  altho  there  is  no  potential  difference 
between  F  and  G,  the  electric  field  between  F  and  G  is  not  zero, 


Figure  4 


^  De  Forest,  U.  S.  Patent  numlter  841,387,  1907. 

5  De  Forest,  U.  S.  Patent  numl^er  87!),.532,  1908. 

6  von  Baever,  "Verli.  d.  D.  Phvs.  (Jes.,"  7,  109,  1908. 

'  H.  J.  van  der  Bijl,  "Verb.  d.  1).  Phys.  Ges.,"  May,  1913,  page  .338.  In 
these  experiments  which  were  also  performed  under  such  conthtions  that  the 
current  was  carried  almost  entirely  by  electrons,  the  source  of  (>lectrons  was 
a  zinc  plate  subjected  to  the  action" of  iiltra-violet  rays.  It  is  obvious  that  the 
action  of  the  auxiliary  electrode  is  independent  of  the  nature  of  the  electron 
source.     Hence  the  results  then  found  apply  also  to  the  present  case. 
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but  has  a  finite  value  which  depends  upon  the  potential  of  P. 
This  is  due  to  the  fact  that  the  potential  of  P  causes  a  stray  field 
to  act  thru  the  openings  of  the  grid.  If  the  potential  of  P  be  E^ 
the  field  at  a  point  near  F  is  equal  to  the  field  which  would  be 
sustained  at  that  point  if  a  potential  difference  equal  to  y  E^ 
were  applied  directly  between  F  and  an  imaginary  plane  coin- 
cident with  the  plane  of  G,  where  7  is  a  constant  which  depends 
on  the  mesh  and  position  of  the  grid.  If  the  grid  is  of  very  fine 
mesh  7  is  nearly  zero,  and  if  the  grid  be  removed — that  is,  if 
we  have  the  case  of  a  simple  valve — 7  is  equal  to  unity. 
These  results  can  be  expressed  by  the  following  equation: 

E,=^yEs^e.  (3) 

Here  e  is  a  small  quantity  which  depends  upon  a  number  of 
factors,  such  as  the  contact  potential  difference  between  cathode 
and  grid  and  the  power  developed  in  the  filament,  which  is  the 
usual  form  of  cathode  used.  It  is  generall}-  of  the  order  of  a  volt 
and  can  be  neglected  when  it  is  small  compared  with  JE.b 
Obviously  the  current  between  anode  and  cathode  depends  on 
the  value  of  E^. 

Xow,  suppose  a  potential  E^  be  applied  directly  to  the  grid 
G,  the  cathode  F  remaining  at  zero  potential.  The  current  is 
now  a  function  of  both  Eg  and  E^: 

I  =  ^(E,,E,).  (4) 

Before  determining  the  form  of  this  function,  let  us  consider 
in  a  general  waj-  how  the  current  is  affected  by  E^  and  E^.  We 
have  seen  that  Eg  is  due  to  the  voltage  Eq  between  anode  and 
cathode,  and  is  less  than  Eb  if  the  grid  is  between  anode  and 
cathode,  since  in  tliis  case  7  is  always  less  than  unity.  Under 
the  influence  of  -E'^  the  electrons  are  drawn  thru  the  openings  of 
the  grid  and  are  thrown  on  to  the  anode  by  the  strong  field 
existing  between  grid  and  anode.  The  effect  of  E^  on  the  motion 
of  the  electrons  between  F  and  G  is  similar  to  that  of  Eg.  Whether 
or  not  electrons  will  be  drawn  away  from  the  cathode  depends 
on  the  resultant  value  of  Eg  and  Ec.  If  Eg+E^  is  positive, 
electrons  will  flow  away  from  the  cathode,  and  if  Eg-j-E^  is  zero 
or  negative,  all  the  emitted  electrons  will  be  returned  to  the 
cathode,  and  the  current  thi*u  the  tube  will  be  reduced  to  zero. 
Now,  Es-\-Ec  will  be  positive:  (1)  when  E^  is  positive  (£"5  is  always 
positive),  and  (2)  if  E^  is  negative  and  less  than  Eg. 

1.  When  Ec  is  positive,  some  of  the  electrons  moving  toward 
the  grid  are  drawn  to  the  grid,  while  the  rest  are  drawn  thru  the 
openings  of  the  grid  to  the  anode  imder  the  influence  of  Eg. 
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The  relative  number  of  electrons  going  thru  and  to  the  grid 
depends  upon  the  mesh  of  the  grid,  diameter  of  the  grid  wire, 
and  the  relative  values  of  E^  and  E^.  When,  for  example,  E^ 
is  large  compared  with  £'<,,  the  number  of  electrons  going  to  the 
grid  is  comparatively  small,  but  for  any  fixed  value  of  Eg  the 
current  to  the  grid  increases  rapidly  with  increase  in  E^.  Hence, 
for  positive  values  of  Ec,  current  will  be  established  in  the  circuit 
FGE„  Figure  4. 

2.  If,  however,  E^  is  negative  and  less  than  Eg.  as  was  the  case 
in  the  above  named  experiments  of  the  writer,  nearly  all  the 
electrons  drawn  away  from  the  filament  pass  to  the  plate,  prac- 
tically none  going  to  the  grid.  In  this  case  the  resistance  of  the 
circuit  F  G  Ec  is  infinite. 

If,  now,  an  alternating  emf.  be  impressed  upon  the  grid  so 
that  the  grid  becomes  alternately  positive  and  negative  with 
respect  to  the  cathode,  the  resistance  of  the  circuit  F  G  E^,  which 
may  be  referred  to  as  the  input  circuit,  will  be  infinite  for  the 
negative  half  cycle  and  finite  and  variable  for  the  positive  half 
cycle.  If,  on  the  other  hand,  the  alternating  emf.  be  super- 
imposed upon  the  negative  value,  E^,  the  values  of  these  voltages 
being  so  chosen  that  the  resultant  potential  of  the  grid  is  always 
negative  with  respect  to  the  cathode,  the  impedance  of  the 
input  circuit  is  always  infinite. 

Broadly  speaking,  the  operation  of  the  thermionic  amplifier 
is  as  follows:  The  current  to  the  anode  we  have  seen  is  a  func- 
tion of  Eg  and  Ec,  or  keeping  the  potential  E^  of  the  anode  con- 
stant, the  current  for  any  particular  structure  of  the  device 
is  a  function  only  of  the  potential  on  the  grid.  Hence,  if  the 
oscillations  to  be  repeated  are  impressed  upon  the  input  circuit, 
variations  in  potential  difference  are  set  up  between  cathode  and 
grid,  and  these  cause  variations  in  the  current  in  the  circuit 
FPR,  the  power  developed  in  the  load  R  being  greater  than  that 
fed  into  the  input  circuit.  It  is  seen  then  that  the  device  func- 
tions broadly  as  a  relay  in  that  variations  in  one  circuit  set  up 
amplified  variations  in  another  circuit  unilaterally  coupled  with 
the  former. 

IV.  Current-Voltage   Characteristic   of  the   Thermionic 

Amplifier 
Equation  (2)  which  gives  the  current  to  the  anode  as  a  func- 
tion of  the  applied  voltage  in  the  case  of  a  simple  device  con- 
taining equipotential  electrodes  of  infinite  extent  is  of  little  use 
in  deriving  the  amplification  equations  of  the  thermionic  ampli- 


fier.  In  the  first  place,  the  cathode  in  tliis  device  is  not  an 
equipotential  surface,  but  a  filament  which  is  heated  by  passing 
a  current  thru  it.  Secondly,  the  insertion  of  a  grid  between  the 
filament  and  the  anode  so  complicates  the  electric  field  distri- 
bution that  a  theoretical  deduction  of  the  relation  between  the 
current  to  the  anode  and  the  applied  voltages  between  filament 
and  grid  and  filament  and  anode  is  difficult  and  leads  to  expres- 
sions that  are  too  complicated  for  practical  use.  I  have,  there- 
fore, found  it  more  practical  to  determine  the  characteristic 
of  the  tube  empirically,  and  found  as  the  result  of  a  large  number 
of  experiments  that  the  characteristic  can  be  represented  with 
sufficient  accuracy  by  the  following  equation: 

I  =  a{E,+E,y\  (5) 

where  a  is  a  constant  depending  on  the  structui'e  of  the  device.^ 

With  the  help  of  equation  (3)  this  becomes 

I  =  a{lEB+E,  +  Ey.  (6) 

This  gives  the  current  to  the  anode  as  a  function  of  the  anode 
and  grid  potentials,  the  potential  of  the  filament  being  zero. 
If  a  number  of  voltages  be  impressed  upon  the  grid  and  anode, 
we  have  generall}^ 

i=a{i  iEs+:i:E,+,y.  (7) 

If,  for  example,  an  alternating  emf.,  es'npt  be  superimposed 
upon  the  grid- voltage,  E^,  the  equation  becomes: 

I  =  o.{lEB+E,+esinvt  +  zY.  (8) 

It  must  be  vmderstood  that  equation  (6)  gives  the  direct 
characteristic  of  the  device  itself;  that  is,  E^  in  equation  (6)  is 
the  voltage  directly  between  the  filament  and  the  anode  P 
(Figure  4).  If  the  resistance  R  be  zero,  E^  is  alwa3\s  equal  to 
E,  the  voltage  of  the  battery  in  the  circuit  EPRE,  which  is  con- 
stant. If  R  be  not  zero,  the  potential  difference  established 
between  the  ends  of  R  by  the  current  flowing  in  it  makes  Eb 
a  function  of  the  current.  The  effect  of  the  resistance  R  on  the 
characteristic  will  be  explained  later.  For  the  present  we  shall 
confine  ourselves  to  a  discussion  of  the  characteristic  of  the 
amplifier  itself.  This  characteristic  can  always  be  obtained 
experimentally  by  making  R  equal  to  zero  and  using  an  ammeter 
in  the  circuit  FPER  (Figure  4),  the  resistance  of  which  is  small 
compared  with  the  internal  output  resistance  of  the  amplifier 
itself. 

*  Altho  this  equation  is  sufficiently  accurate  when  using  the  device  as  an 
amplifier,  its  accuracy  does  not  suffice  for  purposes  of  detection,  since  the  de- 
tection action  is  a  function  of  the  second  derivative  of  the  characteristic. 
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A  graphical  representation  of  equation  (6)  is  given  in  Figure 
5.  The  curves  give  the  current  to  the  anode  as  a  function  of 
the  grid  voltage  E,^  for  different  values  of  the  parameter,  E^. 


Referring  to  equation  (6)  and  Figure  5,  we  sec  that  the  cur- 
rent is  finite  for  negative  values  of  the  grid  voltage  Ec,  and  is 
only  reduced  to  zero  when 

E,=  -{lEi,  +  s). 

Differentiating  /  (equation  G),  first  with  respect  to  Eq,  keeping 
Ec  constant,  and  then  witli  respect  to  E^,  keeping  E,i  constant, 
we  get: 


(9) 
(10) 


Hence 

0  .     . 

-  =7  =  constant,  (11) 

from  which  it  follows  that  for  equivalent  values  of  E^  and  Ec, 
a  change  in  the  anode  voltage  Eb  produces  7  times  as  great  a 
change  in  the  current  to  the  anode  as  an  equal  change  in  the 
grid  voltage  Ec- 

The  output  impedance   of  the  tube  is  obtained  from  the 
admittance  K  which  is  given  by 

2rJo      OEb 

r)  T 

or  putting  in  the  value  of  -— ;-  from  (9) : 

oLb 

1    /'-^ 
K=:~  I       2 ay  {y EB+E,-\-t+e sinp t)  d t. 

2  Tzjo 

f)  J 

It  is  seen  that  -r^   is  not  constant  but  depends  upon  the 

instantaneous  value  of  the  input  voltage  esiyipt.  .  This  is  also 
obvi^ous  since  the  characteristic  is  curved.  The  admittance  and 
impedance,  however,  are  independent  of  the  input  voltage,  as 
is  seen  readily  by  integrating  the  expression  for  K: 

_  J^  _  1 . 

^^'lC-2ay{yEB+E,+s)'  ^^^^ 

Comparing  this  with  equation  (9),  it  is  seen  that  the  impedance 
can  readily  be  obtained  by  taking  the  slope  of  the  characteristic 
at  a  point  corresponding  to  the  direct  current  values  Eb  and  Ec 
at  which  it  is  desired  to  operate  the  tube. 

Equation  (12)  can  be  expressed  in  a  more  convenient  form 
by  multiplying  its  numerator  and  denominator  by  (7  £'b +  £"(,  + s)  : 

yEB-\-E,+s 
"    2ay{yEB+Ec+zY' 

which,  with  the  help  of  equation  (6)  becomes 

/?^=^?B±/|^c±i),  (13) 

where 

We  shall  see  that  /"-^  is  the  maximum  voltage  amplification 
obtainable  from  the  device. 
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Comparing  (12)  with  (9)  it  is  seen  that  R(,  =  l/Q  and  there- 
fore from  (11)  and  (16)  the  slope  of  the  I,  E'c-curve  is  given  by 

S=|.  (1.5) 

This  constant  is  very  important.  It  will  be  shown  later  that 
the  qiiaUty  of  the  device  is  determined  by  the  value  of  S,  that 
is,  the  slope  of  the  curve  giving  the  current  to  the  plate  as  a 
function  of  the  grid  voltage. 

V.  Experimental  Determination  of  the  Constants  of  the 
Tube  and  Verification  of  the  Characteristic  Equation 
In  order  experimentally  to  verifj^  equation  (6)  it  is  neces- 
sary to  know  the  value  of  the  constants  7  and  s.  Both 
these  constants  can  be  determined  by  methods  which  do  not 
depend  on  the  exponent  of  the  equation.  The  linear  stray  field 
relation 

E,  =  r^EB+e,  (3) 

which  is  involved  in  equation  (6)  is  also  independent  of  the 
exponent.  The  constants  7  and  e  can  be  determined  and  the 
relation  (3)  tested  as  follows: 

Let  us  assume  an  arbitrary  exponent  /8  for  eciuation  (6) : 

/  =  «(7iB+^c+s)^  (16) 

Taking"  the  general  case  in  which  both  E^  and  E^  are  variable, 
we  have: 

dl       dl  dEs  .    dl 


+ 


Now 


dEo     dEs  dEc     dEc 
^=«^7(7^B+^c+c 


Hence 


=  a(3(yE,^E,+,y'^  ^^^f +  0'  ^^'^ 


dEc 
Now,  let  /  be  constant,  then 

yEj,+E,-he  =  0, 
that  is, 

-E,  =  yE^  +  B=E,,  (18) 

lO'J 


or  dEjs  _      1 

'dEc~~y' 

Integrating  and  putting        equal  to  /u.,^,  we  get 

7 

Es'^E„+l^„E,.  (19) 

Equations  ( 18j  and  (19)  are,  therefore,  independent  of  the 
exponent  of  (6).  Equation  (18)  gives  the  case  in  which  the  cur- 
rent has  the  constant  vahie  zero.  It  shows  that  E^  in  equation 
(3)  is  simply  the  absolute  value  of  the  grid  potential  Ec,  w^hich 
suffices  to  reduce  the  current  to  the  anode  to  zero  when  the 
anode  has  a  potential  E^.  (The  potentials  are  referred  to  that 
of  the  filament  which  is  supposed  to  be  grounded.)  Referring 
to  Figure  5,  we  see  that  equation  (18)  gives  the  relation  between 
the  intercepts  of  the  curves  on  the  axis  of  grid  potential  E^  and 
the  corresponding  values  of  anode  potentials  E^-  This  is  the 
method  which  I  used  several  years  ago  to  test  the  linear  stray 
field  relation  (3).  The  accuracy  with  which  this  relation  is 
obeyed  is  seen  from  Figures  3  and  5  of  my  above  mentioned 
publication.^ 

The  factor  p-,„  which  plays  a  very  important  part  in  the  theory 
of  operation  of  the  thermionic  amplifier,  can  be  obtained  by 
taking  the  slope  of  the  curve  giving  the  relation  between  E^ 
and  Ec  in  accordance  with  equation  (18).  It  can  be  more  easily 
determined  with  the  help  of  equation  (19),  which  gives  the  rela- 
tion between  the  anode  and  grid  potentials  necessaiy  to  main- 
tain the  current  at  .some  convenient  constant  value.  Figure  6 
gives  results  obtained  in  this  manner.  The  linear  relation 
obtained  between  Eb  and  E^  verifies  equation  (19). 

Another  method  of  determining  ij-„  is  with  the  help  of  equation 
(11): 

^7=i.  (11) 

S  is  the  slope  of  the  curve  giving  the  current  to  the  anode  as  a 
function  of  the  grid  potential,  and  Q  the  slope  of  the  curve  which 
gives  the  current  as  a  function  of  the  anode  potential.  Since 
both  these  slopes  depend  upon  the  anode  and  grid  potentials 
Eq  and  Eg,  they  must  be  measured  for  the  same  values  of  Eb 
and  Ec.  This  method  gives  quite  reliable  results  but  is  not  as 
convenient  as  the  one  explained  above. 

'  "Vehr.  d.  D.  Phys.  Ges.,"  above.  For  further  experimental  verifica- 
tion of  this  relation  when  applied  to  the  case  in  which  the  cathode  consists 
of  a  hot  filament,  see  H.  .J.  van  der  Bijl,  "Phys.  Rev.",  (2),  12,  184,  191 «. 
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The  most  convenient  method  of  measuring  the  amphfication 
constant  i^-o  is  that  recently  given  by  Miller.'°  The  principle  of 
this  method  is  the  same  as  one  that  has  been  frequently  used 
in  this  laboratory  where  it  is  necessary  to  determine  /^,j  for  a 
large  number  of  tubes.  The  circuit  shown  in  Figure  7  is  con- 
tained in  a  box  with  terminals  for  the  ammeter  A  and  batteries 
E^  and  E j^.  Th(>  tube  is  plugged  into  a  socket  provided  for  it 
in  the  box.  It  is  seen  from  the  previous  paragraph  that  a  voltage 
in  the  grid  circuit  is  equivalent  to  Mo-tinies  that  voltage  in  the 
plate  circuit.  Hence,  referring  to  Figure  7,  it  is  evident  that 
no  change  will  be  produced  in  the  annneter  A  on  closing  the 


kev   /v, 


II   -  =M„' 


For 


convenience    m    measurement    ro    is   a 


fixed  value  of  10  ohms,  and  )\  consists  of  three  dial  rheostats  of 
1,000,  100,  and  10  ohms  arranged  in  steps  of  100,  10,  and  1  ohms 
each.  The  rheostats  are  marked  in  tenths  of  the  actual  re- 
sistances, so  that  the  setting  of  the  dials  read  the  }*■„  directly. 
The  drain  of  the  battcMy  E\  is  very  small  because  the  circuit  is 
only  closed  niomeutarily  l)y  the  push  button  K.  This  battery, 
therefore,  consists  of  small  dry  cells  incloscHl  in  th(>  box.      Instead 

'°  J.   M.   Miller,   Pkoceedixg      of    The    iNsTrrrrK    of    Radio    1''n(;i- 
NEERs,  volume  (),  i)age  141,  1918. 

Ill 


of  using'  a  direct  current  supplied  by  the  l^attery  Ei,  an  alter- 
nating current  can  be  used,  in  which  case  the  ammeter  A  must 
be  replaced  b}-  a  telephone  receiver.     The  use  of  an  alternating 


Figure 


current  has  the  advantage  that  it  allows  a  simple  determination 
of  the  impedance  of  the  tube  according  to  the  method  given  b}' 
Miller.  Figure  8  shows  a  photograph  of  the  /Ap-meter  with  a 
tube  inserted  in  its  socket.  The  rheostat  R  enables  the  filament 
current  to  be  adjusted  to  the  desired  value.   • 

In  order  to  test  the  characteristic  equation  (6)  it  is  still 
necessary  to  know  the  value  of  s.  This  can  be  obtained  by 
applying  a  convenient  negative  potential  to  the  grid  and  keep- 
ing it  constant  while  observing  the  current  to  the  anode  for 
various  values  of  the  anode  potential.  The  grid  being  negative 
with  respect  to  the  filament,  no  current  could  be  established  in 
the  filament-grid  circuit.  There  should  be  no  resistance  in  the 
circuit  FPE  except  that  of  the  ammeter,  and  this  should  be 
small  compared  with  the  internal  output  resistance  of  the  ampli- 
fier itself.  Under  these  conditions  the  voltage  of  the  battery  E 
is  always  equal  to  Eg,  the  voltage  between  filament  and  anode, 
so  that  the  observed  values  of  current  and  voltage  give  the  true 
characteristic  of  the  amplifier.     From  the  curve  giving  the  cur- 


Figure  8 

rent  as  a  function  of  the  anode  potential  the  vahie  of  the  anode 
potential  can  be  determined  for  which  the  current  is  reduced 
to  zero.     This  potential,  of  course,  depends  upon  that  of  the 

grid.     Bv  putting  /  equal   to   zero   in   equation   (6),  and   7=  — 

we  get    "  --(f +£.)• 

Once  f^o  and  e  are  known,  the  current  can  be  plotted  against 
the  expression  [Eg 


1^0 


+^.  +  £ 


(20) 


Figure  9  shows  the  results  for  one  particular  type  of  tube. 


lOOO  2000 

Figure  9 
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Ill  this  case  the  grid  had  a  constant  negative  potential  equal  to  s. 
Hence  the  current  was  simply  plotted  as  a  function  of  Eg.  The 
straight  line  gives  the  relation  between  Eg-  and  the  anode  cur- 
rent. It  is  seen  that  the  parabolic  relation  of  the  fundamental 
equation  (6)  is  obeyed  with  sufficient  accuracy." 

VI.    Characteristic    of    Circuit    Containing    Thermionic 
Amplifier  and  Ohmic  Resistance  in  Series 

In  discussing  the  behavior  of  the  thermionic  amplifier  in  an 
alternating   current   circuit,    we   shall   make   two   assumptions: 

First.  The  alternating  current  established  in  the  circuit 
FPER  (Figure  4)  is  a  linear  function  of  the  voltage  impressed 
upon  the  input  circuit  FGE^.  This  implies  that  the  power 
amplification  is  independent  of  the  input.  This  is  the  condition 
for  an  ideal  amplifier. 

Second.  The  thermionic  amplifier  shows  no  reactance  effect. 
This  implies  that  if  the  amplifier  be  inserted  in  a  non-inductive 
circuit,  the  power  amplification  produced  is  independent  of  the 
frequency. 

No  proof  is  needed  to  establish  the  validity  of  the  second 
assumption.  The  first  is,  however,  not  true  except  under  cer- 
tain conditions,  and  it  remains  to  determine  these  conditions 
and  operate  the  amplifier  so  that  they  are  satisfied.  Let  the 
external  resistance  of  the  output  circuit  FPE  (Figure  4)  be  zero, 
and  the  resistance  of  the  current-measuring  device  negligibh' 
small  compared  with  the  internal  output  impedance  of  the  am- 
plifier itself.  Under  these  circumstances  E^,  which  denotes  the 
potential  difference  between  filament  and  anode,  is  independent 
of  the  current  in  the  circuit  FPE,  and  always  equal  to  the  voltage 
E  of  the  battery  in  the  circuit.  Hence,  if  the  current  be  plotted 
as  a  function  of  Ec,  the  potential  difference  between  filament  and 
grid,  the  parabola  given  by  equation  (6)  and  Figure  5  is  obtained. 
If,  now,  the  potential  of  the  grid  be  varied  about  the  value  Ec 
equal  to  cf  (Figure  5),  it  is  obvious  from  the  curve  that  the 
increase,  ah,  in  current  to  the  anode  due  to  a  decrease,  oa,  in 
the  negative  potential  of  the  grid  is  greater  than  the  decrease 
a' h'  in  current  caused  by  an  equal  increase,  oa  ,  in  the  negative 
grid  potential.  In  this  case,  the  output  current  consists  of  the 
following  parts:  Let  the  alternating  input  voltage  superim- 
posed upon  Ec  be  e  sin  p  t  then 

h  =  a{yEs+E,  +  t-^esmpty-.  (8) 

"  For  further  results  of  these  experiments,  see  "Phvs.  Rev.",  (2),  12,  186, 
1918. 


Expanding  this  we  get 

+  '^cos{2vt  +  r:)Vf.  (2l) 

The  first  term  represents  the  steady  direct  current  maintained 
by  the  constant  voltages  E'^  and  E^  when  the  input  voltage  e 
is  zero  (equation  6).  The  second  term  gives  the  alternating 
output  current  oscillating  about  the  value  of  direct  current  given 
by  (6).  It  is  in  phase  with  and  has  the  same  frequency  as  the 
input  voltage.  When  using  the  device  as  an  amplifier,  this  is 
the  only  useful  current  we  need  to  consider.  The  first  harmonic 
represented  by  the  third  term  is  present,  as  was  to  be  expected 
in  virtue  of  the  parabolic  characteristic.  The  last  term,  which 
is  proportional  to  the  square  of  the  input  voltage,  represents 
the  change  in  the  direct  current  component  due  to  the  alternating 
input  voltage,  and  is  the  only  effective  current  when  using  the 
device  as  a  radio  wave  detector.  If  a  direct  current  meter 
were  inserted  in  the  output  circuit,  it  would  show  a  current  which 
is  greater  than  that  given  by  equation  ^6)  by  an  amount  equal 

fi  g- 
to   — -  ,  the  last  term  of  equation  (21).     This  is  the  state  of 

matters  when  the  device  works  into  a  negligibly  small  resistance. 
If,  on  the  other  hand,  the  output  circuit  contains  an  appre- 
ciable resistance,^-  R,  the  voltage  Eq  between  filament  and  plate 
is  not  constant,  but  is  a  function  of  the  current,  and  an  increase 
in  the  current  due  to  an  increase  in  the  gi'id  potential  sets  up  a 
potential  drop  in  the  resistance  R,  with  the  result  that  E^  de- 
creases, since  the  battery  voltage  E  is  constant.  Ej^  is  now 
given  by 

Ea=E-RI.  (22) 

In  order  to  obtain  the  characteristic  of  the  circuit  containing 
the  tube  and  a  resistance  R,  let  us  substitute  (22)  in  (8): 

h  =  a[l{E-Rl)  +E, +t+e  sin  p  t]- 
and  put  7A'+/i\.  +  c  =  F.      This  gives 

^  1  +  2  «  JJi(V-\-esm  p  t)  -Vl+4  «  7  R  ( 1'  +  ^'  ><n'  i>  ( )        (c,.,\ 
"       ""    "  2al-'R'  '      ^^'  ^ 

>-  The  insertion  of  a  suitable  resistance  in  iW  output  circuil  to  straiffhten 
out  the  characteristic;  and  so  reduce  distortion  was,  1  believe,  first  .suggested 
by  Dr.  Arnold,  who  also  showed  experimentally  that  distortion  is  almost 
negligible  when  tlie  external  resistance  is  equal  to  the  imjiedance  of  the  tube. 


lliis  expression  can  be  expanded  into  a  Fourier  series: 


1  +  2  ot  7  RV-  Vl_+4  «7  R  V 
2ay''R'' 

^\  ~vTT^7jrv/jr''''^'^  ^^^^ 

(-1)"'+^  2''  |(2  w- 1)  a'^  7"-^  i?"-^  e"+^  .sm"+i  p  < 
n  +  l(l+4«7i?F)-"+' 

From  this  it  is  seen  that  the  rate  of  convergence  of  the  series 
increases  as  R  is  increased.  Actual  computations  show  that 
when  the  tube  is  made  to  Avork  into  an  impedance  equal  to  or 
greater  than  that  of  the  tube  the  harmonic  terms  become 
negligibly  small  compared  with  the  second  term  of  (24),  which 
is  the  only  useful  term  when  using  the  tube  as  an  amplifier,  so 
that  we  can  assume  that  the  amplification  is  independent  of  the 
input  voltage. ^^ 

When  the  tube  works  into  a  large  external  resistance  it  can 
show  a  blocking  or  choking  effect  on  the  current.  This  is  seen 
from  the  following:  The  voltage  Eg  which  is  effective  in  draw- 
ing electrons  thru  the  grid  to  the  anode  is  given  by  equation 
(22).  If  now  the  current  be  increased,  not  by  increasing  the 
electromotive  force  in  the  circuit  FPR  (Figure  5),  but  by  in- 
creasing the  potential  difference  between  filament  and  grid,  the 
current  /  increases,  while  E,  the  electromotive  force  in  the  plate 
circuit,  remains  constant,  from  which  it  follows  that  E^  must 
decrease  while  Eg,  the  grid  voltage,  increases.  The  result  of 
this  is  that  more  electrons  that  otherwise  would  have  come 
thru  the  grid  to  the  anode  are  now  drawn  to  the  grid.  If  the 
input  voltage  becomes  large  enough  the  anode  circuit  FPR  may  be 
robbed  of  so  many  of  its  electrons  that  no  further  increase  in 
current  in  the  anode  circuit  results  no  matter  how  much  the  grid 
voltage  is  increased.  Under  these  conditions  equation  (24) 
does  not  apply.  Its  application  is  limited  to  the  conditions  stated 
by  equations  (25)  and  (26). 

Even  if  the  series  represented  by  the  last  term  of  equation 

!■■*  In  this  connection  I  want  to  point  out  that  altho  the  parabolic  relation 
used  here  represents  the  characteristic  of  the  tube  with  sufficient  accuracy 
when  using  the  tube  as  an  amplifier,  and  indeed  with  quite  a  good  degree  of 
accuracy,  as  shown  by  the  experimental  curves,  yet  the  approximation  is  not 
close  enough  to  represent  accurately  the  second  and  higher  derivatives  of  the 
characteristic,  and  therefore,  too  much  reliance  should  not  be  placed  on  the 
actual  values  of  the  several  harmonic  terms  represented  by  the  last  term  of 
equation  (24).  This  equation  is  merely  intended  to  show,  as  it  does,  in  a 
general  way  how  the  insertion  of  a  resistance  in  the  output  circuit  of  the  tube 
tends  to  straighten  out  the  characteristic. 


(24)  were  zero,  distortionless  transmission  can  onl}-  be  obtained 
if  the  input  voltage  is  kept  within  certain  limits. 

Let  the  input  voltage,  e  sin  y  t,  be  superimposed  upon  the 
negative  grid  voltage,  E^  (Figure  5).  Theoretically  speaking, 
one  condition  of  operation  is  that  the  grid  should  never  become 
so  much  positive  with  respect  to  the  filament  that  it  takes  appre- 
ciable current,  for  if  this  happens  the  current  established  in  the 
grid  circuit  would  lower  the  input  voltage,  and  therefore  the 
amplification.  In  actual  practice  the  extent  to  which  the  grid 
can  become  positive  before  taking  appreciable  current  depends 
upon  the  value  of  the  plate  voltage  and  the  structure  of  the  tube. 
We  can  therefore  state  that  a  condition  for  distortionless  trans- 
mission is  e<}Ec\-{-  g\,  where  g  is  the  positive  voltage  which  the 
grid  can  acquire  without  taking  enough  current  to  cause  dis- 
tortion. Another  condition  is  that  the  input  voltage  must  not 
exceed  the  value  given  by  df  (Figure  5) ;  otherwise  the  negative 
peaks  of  the  output  current  wave  will  be  chopped  off.  Xow  cd  is 
given  by  7 £■£  +  £.  This  is  obtained  by  equating  the  current  I 
to  zero  in  equation  (6).     We  therefore  have  the  conditions 

|e    <\Ec\  +  \g\,  /2-N 

\e    <\yEB+e\-\E,\, 
or  when  the  tube  is  working  at  full  capacity — that  is,  when 
operating  over  the  whole  curve, 

e=\E,\-^\g\=\jEj,-hs\-\E,\.  (26) 

It  may  be  remarked  here  that  when  using  the  tube  as  an 
oscillation  generator,  these  limits  are  not  obeyed.  From  equa- 
tion (12),  it  is  seen  that  the  impedance  Ro  of  the  tube  is  inde- 
pendent of  the  input  voltage  e  sin  p  t.  This  is,  however,  true  only 
as  long  as  the  characteristic  is  parabolic.  Referring  to  Figure  5, 
if  the  input  voltage  oscillates  about  the  value  /,  the  slope  of  the 
tangent  at  o  is  a  measure  of  the  impedance,  in  fact,  it  is  H-o  divided 
by  the  impedance  (equation  15).  Since  the  characteristic  is 
parabolic,  it  follows  that  the  secant  thru  6  6  is  always  parallel 
to  the  tangent  at  o  as  long  as  oa  =  oa  (equal  to  the  input  voltage 
e).  The  impedance  can,  therefore,  be  obtained  by  taking  the 
slope  of  the  secant  thru  the  maximum  and  minimum  current 
values.  If  now  the  tube  works  beyond  the  limits  of  the  para- 
bolic characteristic,  such  as  along  the  curve  OAB  (Figure  2) 
the  slope  of  this  secant  does  not  remain  constant  for  all  values 
of  the  input  voltage,  so  that  the  impedance  of  the  tube  is  not  in- 
dependent of  the  strength  of  the  oscillations  but  increases  with 
it,  the  minimum  impedance  being  obtained  when  the  oscilla- 
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tions  are  infinitely  small.  This  is  what  happens  when  the  tube 
operates  as  an  oscillation  generator.  Part  of  the  energy  in  the 
output  circuit  is  fed  back  to  the  input  circuit,  thus  increasing 
the  strength  of  the  oscillations  in  the  output  until  the  tube 
works  bej'ond  the  limits  of  the  parabolic  characteristic.  The 
impedance  of  the  tube  is  thereby  increased,  and  this  increase 
continues  until  the  impedance  acquires  the  maximum  value 
capable  of  sustaining  the  oscillations,  consistent  with  the  degree 
of  coupling  used  between  the  output  and  input  circuits.  It  is 
readily  seen  that  the  current  obtained  in  the  output  is  not  a 
single  pure  sine  wave,  but  contains  a  number  of  harmonics  as 
well.  The  extent  to  which  these  harmonics  influence  the  cur- 
rent values  obtained,  when  the  latter  is  measured  simply  by  the 
insertion  of  a  hot  wire  meter  in  the  output  circuit,  which,  of 
course,  measures  the  total  current,  depends  on  the  degree  of 
coupling  as  well  as  the  constants  of  the  output  circuit.  These 
considerations  must  be  borne  in  mind  when  dealing  with  the 
alternating  current  output  power  obtainable  from  an  oscillation 
tube.  The  only  useful  power  is,  of  course,  that  which  is  due 
to  the  fundamental. 

VII.  Amplification  Equations  of  the  Thermionic  Amplifier 
On  the  strength  of  the  two  assumptions  discussed  in  the 
previous  paragraph,  namely,  that  the  amplification  is  independ- 
ent of  the  input  and  the  frequency,  it  is  possible  to  derive  the 
equations  of  amplification  in  a  very  simple  way.  Referring 
to  Figure  4,  let  the  current  in  the  external  resistance  R  be  varied 
b}^  variations  produced  in  the  grid  potential,  Ec-  Then,  as  was 
shown  in  the  last  paragraph,  Eq  is  also  a  variable  depending  on 
the  current  /,  as  shown  by 

Eb=E-RI,  (22) 

where  E  is  the  constant  voltage  of  the  battery  in  the  output 
circuit  FPER.     Hence 

I^^{Es,E,), 
from  which 

d]_^d±     dEn      dl 
dEc~  dEs  '  dEc     dEc 
This  gives  the  variation  of  current  in  ^  as  a  function  of  the 
variation  in  the  grid  voltage. 

Substituting  from  (9)  and  (lO), 

dEc 


=  2«(7£,+^.  +  s)(7^-i^^  +  l 
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that  is, 

dl  ^       2a(lEB+E,+e) 
dEc      1  +  2  alR{lE+Ec+t)' 

Multiptying  thniout  by  R,  and  putting  7=—   we  obtain  by  a 

simple  transformation 

dl  ^,R 


R 


dEo  E^+^M+e)  (27) 

27 

Now,  R  ■  dl  is  the  voltage  change  set  up  in  the  resistance  R, 
and  dEc  is  the  change  in  the  input  voltage.  Hence  equation 
(27)  gives  the  voltage  amplification  produced  by  the  device,  which 
we  shall  call  !•>■.  Furthermore,  it  follows  from  paragraph  IV. 
that  the  output  impedance  of  the  amplifier  is  given  bv 

Hence  the  voltage  amplification  yu,  is  given  by 

From  this  equation  it  is  seen  that  the  voltage  amplification 
asymptotically  approaches  a  finite  value  /^o,  which  is  attained 
when  the  external  resistance  R  becomes  infinitely  large  com- 
pared with  the  output  impedance  of  the  amplifier. 

In  order  to  find  the  power  amplification  it  is  necessary  to 
know  the  input  impedance  of  the  amplifier;  that  is,  the  imped- 
ance of  the  circuit  FGE^  (Figure  4).  Now,  the  amplifier  is 
operated,  as  was  stated  above,  under  such  conditions  that  no 
current  is  established  in  the  circuit  F  G  Eg.  The  impedance  of 
this  circuit  is,  therefore,  infinite,  and  the  power  developed  in  it 
is  indeterminate. 

In  order  to  give  the  input  circuit  a  definite  constant  resis- 
tance, Mr.  Arnold  suggested  shunting  the  filament  and  grid 
with  a  high  resistance.  This  can  be  considered  as  the  input 
resistance  /?,,  of  the  amplifier.  The  input  voltage  is  that  d(^- 
veloped  between  the  ends  of  this  shunt  resistance. 

If,  now,  e  and  ei  represent  the  voltages  established  between 
the  ends  of  the  output  and  input  resistances  R  and  Ri  respectivelj', 

the  power  developed  in  R  and  /?,  is  —   and  -4-    .     Hence  the 

R  Ri 

power  amplification  is 

e-  Ri       o  R, 

''^-efR='~-R' 
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which,  with  the  help  of  (28),  becomes 


(29) 


''     {R  +  RoY 

The  amphfication  is,  therefore,  a  maximum  when  R  is  equal 
to  Ro}^ 

The  power  developed  in  R  is 

from  which  it  follows,  as  was  to  be  expected,  that  the  power 
in  /?  is  a  maximum  when  the  external  output  resistance  R  is 
equal  to  the  output  impedance  R,j  of  the  tube. 

It  is  readily  seen  that  the  current  amplification  is  given  by 

from  which  it  follows  that  the  current  amplification  asymptoti- 
cally approaches  zero  as  R  is  increased,  the  maximum  current 
amplification  being  obtained  when  R  becomes  infinitely  small 
compared  with  R^,. 

Putting  R  —  Ro  in  (29)  and  R  =  0  in  (31)  and  remembering 
that  the  slope  of  the  curve  giving  the  relation  between  plate 
current  and  grid  voltage  is  given  by 

S=^,  (15) 

we  get  for  the  maximum  power  amplification 

r/^^.S,  (29a) 

and  for  the  maximum  current  amplification 

^'  =  RrS.  (31a) 

These  equations  show  the  important  part  played  b}'  the  slope  S 
of  the  curve  giving  the  plate  current  as  a  function  of  the  grid 
voltage.  The  factor  S  is  equally  important  in  the  operation 
of  tube  as  an  oscillation  generator  and  detector.  The  slope 
S  is  what  was  called  by  Hazeltine  the  ''mutual  conductance" 
of  the  tube.^^ 


"  The  amplification  equations  are  derived  on  the  assumption  that  the 
external  output  circuit  of  the  tube  contains  only  pure  resistance.  When  the 
circuit  is  reactive,  as  is  common  in  practice,  we  can,  to  a  first  approximation, 
substitute  the  effective  impedance  for  R  in  the  equations.  Mathematical 
proof  for  this  is  given  by  J.  R.  Carson,  Proceedixgs  of  The  Institute  of 
Radio  Engineers,  volume  7,  number  2,  April,  1919. 

1*  L.  A.  Hazeltine,  Proceedings  of  The  Institute  of  R.\dio  Engi- 
neers, volume  6,  page  63,  1918. 
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It  is  seen  here  that  this  quantity  can  be  expressed  in  terms 
of  the  two  most  important  and  easily  determined  constants  of 
the  tube,  namel}^  the  amphfication  constant  h-o  and  the  impe- 
dance Rg. 

While  the  amplification  constant  depends  only  upon  the 
structure  of  the  tube,  the  impedance,  besides  being  a  function 
of  the  structure,  depends  also  upon  the  values  of  the  applied 
voltages  between  filament  and  grid  and  filament  and  plate, 
as  is  readily  seen  from  the  above  equation.  If  the  impedance 
is  determined  as  a  function  of  the  plate  voltage,  the  grid  voltage 
being,  let  us  say,  zero,  a  curve  is  obtained  somewhat  like  that 
shown  in  Figure  10.     If  now  it  is  desired  to  operate  the  tube 


Figure  10 


with  a  definite  plate  voltage  E^  and  a  grid  voltage  Ec  other  than 
zero,  the  impedance  under  these  conditions  can  be  obtained 
from  such  a  curve  by  adding  ±  t^o  Ec  to  Ej^  and  reading  off  the 
impedance  from  the  curve  at  a  value  of  the  plate  voltage  equal 
to  £^B±Mo  E,. 

In  designing  a  tube,  the  structural  parameters  are  so  chosen 
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that  the  tube  constants  have  definite  vaUies  depending  upon 
the  purpose  for  which  the  tube  is  to  be  used.  Suppose  it  is 
desired  to  design  a  two-stage  ampHfier  set.  Since  the  tube  is  a 
potential-operated  device,  the  voltage  impressed  on  the  input 
of  the  tube  must  be  made  as  high  as  possible,  irrespective  of 
the  value  of  the  current  in  the  input  circuit.  This  is  usually 
done  by  stepping  up  the  incoming  voltage  by  means  of  a  trans- 
former, the  secondary  of  which  is  wound  to  have  as  high  an 
impedance  as  possible.  For  the  same  reason  when  the  output 
current  of  one  tube  is  to  be  amplified  by  another,  the  first  tube 
is  made  to  work  into  an  impedance  or  resistance  which  is  large 
compared  with  its  internal  output  impedance.  Such  an  arrange- 
ment allows  of  a  large  voltage  amplification  being  obtained  from 
the  first  tube.  This  follows  from  equation  (28)  which  also  shows 
that  when  used  as  a  voltage  amplifier,  the  tube  must  have  a 
large  amplification  constant  /^o-  Referring  to  equation  (26), 
however,  it  is  seen  that  the  larger  /x^  is,  the  smaller  is  the  input 
voltage  e  that  can  be  impressed  on  the  tube  without  producing 
distortion,  provided  that  Eb  is  fixed.  When  it  is  necessary  to 
use  a  two-  or  three-stage  amplifier  set,  the  incoming  voltage  is 
generally  so  small  that  h-o  for  the  first  tube  can  be  quite  large 
and  the  plate  voltage  still  not  excessively  high.  But  then  the 
voltage  impressed  on  the  second  tube  is  much  larger  than  that 
impressed  on  the  first,  and  the  second  tube  must  be  so  designed 
as  to  be  capable  of  handling  this  voltage.  If  the  first  tube,  for  ex- 
ample, has  an  amplification  constant  equal  to  40  and  works  into 
a  resistance  four  times  its  own  impedance,  the  voltage  on  the 
second  tube  is  32  times  that  impressed  on  the  first.  It  is  seen, 
therefore,  that  unless  the  plate  voltage  on  the  second  tube  be 
made  very  much  higher  than  that  on  the  first,  the  two  tubes 
must  have  entirely  different  structural  parameters,  if  equation 
(26)  is  to  be  satisfied  in  both  cases.  Such  considerations  show 
that  unless  the  tubes  be  properly  designed  and  the  plate  voltages 
correctly  chosen  to  satisfy  equation  (26),  there  is  a  practical 
limit  to  the  number  of  stages  of  amplification  that  can  be  used. 
If  the  limitations  imposed  by  equation  (26)  are  not  taken  regard 
of,  the  process  of  amplification  can  result  in  a  considerable 
amount  of  distortion,  which  is  a  serious  matter  when  using  the 
device  for  amplifying  telephonic  currents.  When  using  it  for 
telegraph  purposes,  such  as  the  amplification  of  radio  telegraph 
signals  at  the  receiving  station,  the  distortion  produced  results 
in  a  waste  of  energy  in  harmonics. 
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VIII.   Experimental  Verification   of   Amplification 
Equations 

The  circuit  shown  in  Figure  11  is  not  of  the  tj'^pe  customarily 
used  in  practice,  but  was  designed  to  test  the  equations  devel- 
oped  in   the   previous   paragraph.     This   type   of   circuit   was 


A.C.     IN  POT 


Figure  11 


necessitated  by  the  following  reasons.  Referring  to  equation 
(24),  it  is  seen  that  if  the  input  voltage  esinpt  is  zero,  the  cur- 
rent thru  the  tube  is  given  by  the  first  term  of  the  equation, 
which  is  larger  than  the  alternating  current  term.  For  finite 
values  of  esmpt,  the  resulting  alternating  current  established 
in  the  output  circuit,  which  is  to  be  measured,  can  not  be  sep- 
arated in  the  usual  way  from  this  direct  current  with  the  help 
of  appropriate  inductances  and  capacities,  since  then  the  meas- 
ured amplification  would  be  largely  determined  b\'  the  con- 
stants of  the  circuit.  On  the  other  hand,  it  is  not  possible  to 
make  the  amplifier  work  simpl}^  into  a  straight  non-inductive 
resistance  alone,  since  the  direct  current  that  would  flow  thru 
the  galvanometer  is  in  most  cases  large  compared  with  the  out- 
put alternating  current,  so  that  a  galvanometer  which  would 
be  capable  of  carrying  the  direct  current  would  not  be  sensitive 
enough  to  measure  the  output  alternating  current  with  any 
degree  of  accuracy.  This  was  overcome  by  using  a  balancing 
circuit  shown  in  Figure  11.  R  and  R/  are  two  non-inductive 
resistances  stretched  upon  a  board.  Parallel  to  Ri  was  shunted 
a  sensitive  alternating  current  galvanometer,  G2,  and  a  balancing^ 
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batterj'  B2.  This  batteiy  was  so  adjusted  that  when  no  alter- 
nating current  input  was  appHed  to  the  tube,  the  current  thru 
the  galvanometer  was  zero,  that  is,  the  direct  current  in  the 
output  circuit  went  thru  the  resistance  Ri.  This  resistance 
was  large  compared  with  that  of  the  galvanometer;  hence  prac- 
ticalh'  all  the  alternating  current  established  in  the  output  when 
the  input  voltage  was  impressed,  went  thru  the  galvanometer 
Go.  The  effective  resistance  into  which  the  tube  worked  was, 
of  course,  given  by  R.  The  input  was  varied  with  the  help 
of  the  resistances  7\  and  r^.  The  whole  system  was  carefully 
shielded  and  care  was  taken  to  avoid  any  effects  due  to  shunt 
and  mutual  capacity  of  the  leads  and  resistances.  The  input 
voltage  was  varied  from  a  few  hundredths  of  a  volt  to  several 
volts  and  the  frequenc}-  from  200  to  3oO,000  cycles  per  second. 
Some  of  the  results  are  shown  in  the  following  figures.  Figure 
12  shows  the  output  voltage  (that  is,  the  voltage  across  the 
external  resistance  R)  as  a  function  of  the  input  voltage  for  a 
frequency  of  1,000  cj'cles  per  second.     The  linear  relation  indi- 
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cates  that  the  voltage  amplification  is  independent  of  the  input 
voltage;  hence  also  the  power  amplificatiop  is  independent  of 
the  input  power. 

Figure  13  shows  the  results  obtained  when  the  voltage  ampli- 
fication was  measured  as  a  function  of  the  external  resistance  R. 
The  circles  show  the  observed  values,  while  the  curves  were 
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calculated  from  equation  (28).  It  is  seen  that  the  agreement  is 
quite  good.  In  this  case  the  input  voltage  was  0.45  volt  and  the 
value  of  Mo  for  this  tube,  as  measured  by  the  direct  current 
method  explained  in  paragraph  V.  was  10.2. 
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Figure  13 
M„  =  10.2,   input  =  0.45  volt 


In  another  experiment,  the  output  power  was  determined 
as  a  function  of  the  external  resistance.  According  to  equation 
(30)  this  should  be  a  maximum  when  the  external  resistance  R 
is  equal  to  the  impedance  Ro  oi  the  tube.  In  this  case  the  input 
voltage  p.\  was  3.55  volts,  and  \^„^\^.2.  The  impedance  of  the 
tube  was  kept  constant  at  14,800  ohms.  This  was  done  by 
always  adjusting  the  plate  voltage  so  that  when  th(^  external 
resistance  was  changed  the  current  thru  the  tube  was  kept  con- 
stant. From  the  results  given  in  Figure  14  it  is  seen  that  the 
maximum  occurs  at  72  =  15,000,  which  is  very  nearly  equal  to 
the  impedance  of  the  tube.  This  result  is  in  accordance  with 
equation  (30).  Furthermore,  the  maxinnuu  power  computed 
from  equation  (30)  is  22.2  10~'^  watt,  which  is  sufficiently  close 
to  the  observed  value,  23  10~^  watt,  to  verify  equation  (30). 
This  equation  does  not  give  the  maximum  power  that  can  be 
handled  by  the  tube  but  merely  the  power  developed  in  the 
external  resistance  R  for  a  given  value  of  the  input  voltage  e,. 
The  maximum  power  is  obtained  when  the  input  voltage  has  the 
value  given  by  equation  (26). 
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The  circuit  shown  in  Figure  11  was  used  merely  to  test  the  equa- 
tion derived  in  this  paper.  It  is  not  suitable  for  practical  pur- 
poses where  it  is  necessarj'  to  test  a  large  number  of  tubes  with  the 
speed  and  facilitj'  called  for  in  practice.  If  the  tube  is  to  be  used 
as  a  voltage  amplifier  all  that  is  necessary  is  a  determination  of 
the  amplification  constant  /a^.     The  actual  voltage  amplification 
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obtainable  in  any  particular  circuit  can  then  be  deduced  from 
equation  (28).  When  the  tube  is  to  be  used  as  a  power  amplifier, 
a  transmission  test  is  used  which  is  common  in  telephone  prac- 
tice. If  it  is  desired  to  operate  the  tube  as  power  amplifier  in 
a  certain  circuit,  its  amplification  is  tested  in  an  eciuivalent 
circuit  which  is  arranged  so  that  a  note  of,  say,  800  cycles  can 
be  transmitted  either  straight  to  a  telephone  receiver  or,  by 
throwing  a  switch,  to  the  receiver  thru  the  tube  and  an  artificial 
telephone  hne,  the  attenuation  of  which  can  be  adjusted  until 
the  note  heard  in  the  receiver  is  of  the  same  intensitj^  for  both 
positions  of  the  switch.  When  this  is  the  case  the  amplification 
given  by  the  tube  is  equal  to  the  attenuation  produced  by  the 
line.  The  attenuation  can  be  computed  from  the  constants  of 
the  line  and  is  usually  expressed  in  terms  of  miles  length  of 
cable  of  specified  constants.  This  method  of  measuring  and 
expressing  the  amplification  is  convenient  in  practice.  But  it 
must  be  remembered  that  this  notation  has  verj-  little  meaning 
and  is  apt  to  lead  to  confusion  unless  the  constants  of  the  cable 
are  definitely  specified  or  previously  agreed  upon.  It  simply 
means  that  the  amplification  is  equivalent  to  the  attenuation 
which  would  be  produced  bj'  so  many  miles  of  a  certain  sort 

126 


of  cable  having  a  certain  definite  attenuation  constant.  Thus, 
the  current  ampKfication  produced  by  the  tube  can  be  expressed 
in  terms  of  length,  d,  of  cable  by  the  following  equation : 

d=  K  loQio  —  • 

where  K  is  determined  by  the  attenuation  of  that  cable.  When 
dealing  with  power  amplification  K  must  be  divided  by  2.  If 
we  adopt  as  standard  the  so-called  "standard  number  19  gauge 
cable"  used  by  the  Western  Electric  Company,  the  length,  d, 
is  expressed  in  miles  when  the  constant,  K,  has  the  value 
X  =  21.13.  The  fact  that  this  constant  is  already  finding  its  way 
into  common  vacuum  practice  would  suggest  its  general  adop- 
tion when  speaking  of  the  amplification  of  a  tube.  On  the  other 
hand,  since  the  unit  of  measurement  is  not  a  cable  but  a  con- 
stant, it  might  have  been  more  desirable  to  adopt  for  K  the 
simple  value  20,  which  would  have  simplified  computations. 
However,  the  main  point  is  that  it  is  very  important  to  have  a 
common  agreement  on  the  value  of  K. 

The  foregoing  considerations  show  that  the  structural  para- 
meters play  a  very  important  part  in  the  operation  of  the  tube. 
On  them  depend  the  constants  Mo  and  R^  which  appear  in  the 
amplification  equations  and  which  are  involved  explicitly  and 
implicitl}'  in  the  fundamental  equation  of  the  characteristic 
(equation  6).  Proper  structural  design  manifests  many  latent 
possibilities  of  this  type  of  device,  and  enables  us  to  meet  the 
many  conditions  that  must  be  complied  with  in  order  to  obtain 
satisfactorj^  operation  in  its  ever-increasing  number  of  applica- 
tions. Bj^  proper  choice  of  the  structural  parameters,  tubes  have 
been  designed  to  have  voltage  and  power  amplification  cover- 
ing a  wide  range.  A  power  amplification  of  3,000-fold  was  found 
possible  with  a  single  tube  using  a  plate  voltage  of  only  100  volts. 
It  is  not  difficult  to  obtain  a  voltage  amplification  of  several 
hundred  fold,  but  in  building  tubes  of  such  high  voltage  ampli- 
fication regard  must  be  taken  of  the  increase  in  impedance  with 
increase  in  Mq,  as  shown  by  equations  (12)  and  (13). 

Altho  the  simple  theory  of  operation  given  in  this  paper 
applies  specifically  to  the  case  in  which  the  tube  is  used  as  an 
amplifier,  it  has  also  been  of  considerable  help  in  designing 
and  developing  vacuum  tube  oscillation  generators  and  de- 
tectors. The  design  of  a  good  detector  tube  depends  very 
much  upon  operating  conditions.  The  detecting  qualities  of 
a  tube  can  easily  be  increased  by  designing  it  to  operate  on 
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comparatively  high  voltages.  This  is  sometimes  desirable  in 
radio  stations  where' high  voltages  are  available  and  it  is  desired 
to  use  the  heterodyne  method  of  reception.  On  the  other  hand, 
it  is  often  important  to  use  tubes  of  such  design  that  they  can 
operate  efficiently  on  low  voltages  and  with  small  power  con- 
sumption. In  this  connection  it  may  be  said  that  detectors 
have  been  designed  to  give  satisfactory  operation  with  two 
volts  on  the  filament  and  a  plate  voltage  of  6  volts  and  less. 
In  the  absence  of  any  satisfactory  way  of  expressing  the  efficiency 
of  a  detector,  it  is  unfortunately  not  possible  to  say  just  how 
good  such  a  detector  is.  The  problem  of  measuring  the  detect- 
ing efficiency  will  be  reserved  for  a  future  paper. 

The  indebtedness  of  the  writer  is  due  to  Mr.  E.  H.  Colpitts 
and  Mr.  H.  D.  Arnold  for  valuable  advice  and  kind  interest 
which  greatly  facilitated  the  work;  and  to  Mr,  H.  W.  Everitt 
for  able  assistance  in  canying  out  the  experiments. 

SUMMARY:  The  theory  of  operation  of  the  three-electrode  thermionic 
vacuum  tube  given  in  this  paper  is  based  on  the  fundamental  equation  of 
the  family  of  characteristic  curves  for  various  plate  and  grid  voltages.  This 
equation,  which  may  be  written 


:a{^J^Es+^^E.  +  ey 


where  £(,  and  E^  are  the  plate  and  grid  voltages  respectively,  and  a,  fJ-o  and  £ 
are  the  structural  parameters  of  the  device,  is  obtained  empirically  with  the 
help  of  the  relation  previously  discovered  by  the  author,  which  states  that 
the  voltage  between  filament  and  plate  bears  a  linear  relation  to  the  effec- 
tive voltage  produced  by  it  between  the  filament  and  a  plane  coincident  with 
that  of  the  grid.  From  this  it  follows  that  an  electromotive  force  e  impressed 
upon  the  grid  circuit  produces  an  electromotive  force  ^^e  in  the  plate  cir- 
cuit. With  the  help  of  these  fundamental  relations  the  amplification  equa- 
tions of  the  tube  are  derived  in  terms  of  the  structural  parameters  of  the 
tube  and  the  constants  of  the  circuit. 

Methods  are  given  for  experimentally  determining  the  constants  of  the 
tube,  the  two  most  important  of  which  are  the  amplification  constant  /a,,  and 
the  internal  output  impedance. 

Experiments  are  described  which  were  performed  to  test  these  equations, 
and  they  indicate  that  the  first  order  approximation  made  give  results  suf- 
ficiently accurate  for  amplification  purposes. 
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THE    OPERATIONAL    CHARACTERISTICS    OF    THER- 
MIONIC AMPLIFIERS* 

By 

Stuart  Ballantine 
(Radio  Engineer,  Navy  Department) 

Introduction 

Remarkable  strides  have  been  made  in  the  past  few  years 
in  connection  with  the  definition  and  measurement  of  the  opera- 
tional constants  of  three  electrode  vacuum  tubes.  This  has 
given  great  impetus  to  the  transition  of  the  device  from  the 
domain  of  the  scientist  to  that  of  the  engineer,  with  the 
result  that  it  is  now  possible  to  design  intelligently  vacuum 
tubes  for  quite  a  variety  of  purposes.  With  the  definition 
of  the  tube  constants  well  in  mind,  and  with  the  aid  of  ap- 
propriate methods  for  measuring  them,  we  may  proceed  to 
accumulate  by  careful  research,  data  connecting  the  variation 
of  physical  dimensions  with  the  constants  so  defined,  which  will 
serve  adequately  as  a  basis  for  later  design  work.  For  this 
purpose,  a  very  interesting  course  of  procedure  would  consist 
in  holding  the  plate-filament  distance  constant  and  varying  the 
grid-filament  space  in  small  steps,  plotting  the  constants  against 
the  latter  distance  as  an  independent  variable  with  the  plate- 
filament  distance  taken  as  a  parameter.  The  information 
accruing  from  an  investigation  of  this  sort  is  of  the  greatest 
engineering  value.  Its  accumulation  has  been  made  possible 
by  the  definitions  and  methods  of  measurement  that  have  been 
developed  by  such  workers  as  Hazeltine,^  Langmuir,-  Miller,'' 
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3 Miller,  J.  M.,  "A  Dynamic  Method  for  Determining  the  Characteristics 
of  Three-Electrode  Vacuum  Tubes,"  Proceedings  of  The  Institute  of 
Radio  Engineers,  volume  6,  page  141,  1918. 
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Vallauri,^  and  van  der  BijL*  The  object  of  the  present  paper 
is  to  display  the  general  character  of  the  variation  of  tube  con- 
stants with  the  variation  of  grid  or  controlling  potential,  and  also 
to  describe  additional  methods  for  the  measurement  of  three 
very  important  constants. 

Constants  of  Vacuum  Tubes 

It  may  be  of  interest  at  the  outset  to  enumerate  briefly  and 
define  the  most  important  tube  constants.  This  data  is  con- 
tained in  tabular  form  in  Table  I,  the  symbols  and  dimensions 
being  given  together  with  the  names  of  the  persons  to  whom 
their  definition  is  due. 

TABLE  I 


Factor 

Defined  by 

Symbol 

Dimensions 

Voltage  Amplification 

van  der  Bijl 

/^ 

dEp 

dEg 

Miller 

k 

dE, 
dEg 

Internal  Impedance 

van  der  Bijl 

Ro 

dEp 
dip 

Mutual  Conductance 

Hazeltine 

9 

dip 

dEg 

van  der  Bijl 

s 

dip 

dEg 

(This  Paper) 

P 

dip 
dEg 

Detection  (without  grid  condenser) 

Cl                   ti 

D 

d'lp 

dEg-" 

Detection  (grid  condenser) 

(C                u 

(T 

dHg               dip 

dEg"     dEg 

■•Van  der  Bijl,  H.  J.,  "The  Theory  and  Operating  Characteristics  of  the 
Thermionic  Amplifier,"  Proceedings  of  The  Institute  of  Radio  En- 
gineers, volume  7,  number  2,  April,  1919. 

^Vallauri,  Professor  G.,  "Sul  Funzionamento  dei  tubi  a  vuoto  a  tre  elle- 
trodi  audion,  usati  nella  radiotelegrafia,"  "Estratto  dal  Giornale  li'Elettro- 
teenica,"  January  25,  number  3,  and  February  5,  number  4,  1917. 
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Coefficient  of  Voltage  Amplification. — This  very  im- 
portant factor  is  an  index  of  the  relative  effects  on  the  plate 
current,  of  the  grid  and  plate  potentials.     Specifically  it  is  the 

E 
ratio.      ".     In  Langmuir's  equation  for  the  thermionic  current 

Ey 

in  the  plate  circuit 

I,  =  AiE,^kE,y^'  (1) 

it  occupies  a  prominent  place,  the  k  being  used  as  a  coefficient 
to  the  term  Eg,  representing  the  grid  or  control  potential.  Dr. 
H.  J.  van  der  BijP  has  represented  the  plate  current  by  another 
expression,  as  follows: 

I^  =  a{yE,-^Eg-{-ty-  (2) 

In  this  case,  y  is  the  coefficient  of  his  extremely  useful  con- 
ception of  the  "stray  field"  and  it  is  obvious  that  its  reciprocal 
is  of  the  same  nature  as  the  k  in  Langmuir's  equation.  The 
value  of  the  voltage  amplification  constant  depends  upon  the 
geometrj^  of  the  tube,  increasing  as  the  ratio  of  the  plate-filament, 
grid-filament  distances  and  inversely  as  the  spacing  between 
grid  wires.  It  is  also  dependent,  as  will  be  shown  later,  upon 
the  region  of  the  characteristic  surface  in  which  operation  takes 
place.  This  latter  relation  would  seem  to  make  the  utilization 
of  the  term  factor  preferable  to  that  of  constant.  The  manner 
in  which  the  definition  of  this  factor  may  be  deduced  from 
Vallauri's  equation  has  already  been  indicated  by  Miller. 

A  method  of  measuring  the  amplification  factor  by  means 
of  direct  currents  is  outlined  in  Dr.  van  der  Bijl's  paper;  also 
a  very  useful  method  has  been  described  by  Dr.  Miller.^ 

Inteenal  Impedance. — The  value  of  the  amplification  con- 
stant being  known,  the  hypothetical  voltage  operating  in  the 
plate  circuit  may  be  calculated  as  a  function  of  the  controlling 
potential  on  the  grid.  If  there  are  no  extraneous  constants 
in  the  plate  circuit,  the  plate  current  may  be  calculated  by 
dividing  this  hypothetical  emf.  by  a  factor  called  the  internal 
impedance  of  the  tube.  If  in  the  plate  circuit  other  constants 
are  connected,  the  current  may  be  calculated  by  the  aid  of  a 
simplifying  theorem  suggested  by  Miller  which  reduces  the  plate 
circuit  to  a  simple  series  circuit  containing  the  plate  resistance 
internal  impedance,  the  added  constants  in  the  output  circuit, 
and  an  operating  emf.  of  value,  Ep  =  M-Eg.  This  simplification 
is  of  great  value  since  it  places  the  design  possibilities  of  the 
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vacuum  tube  circuit  on  an  equal  basis  with  other  branches  of 
electrical  and  radio  engineering.  It  is  at  all  times  desirable 
to  design  the  circuit  to  fit  the  characteristics  of  the  tube  to  be 
used. 

The  internal  impedance  is  of  the  nature  of  a  pure  resistance 
at  low  frequencies.  At  radio  frequencies,  the  plate-to-filament 
capacity  of  the  electrodes,  partially  subordinates  the  effect  of 
the  internal  impedance  by  acting  across  it  as  a  branch  circuit. 
This  is  of  particular  moment  in  the  design  of  resistance-coupled 
amplifiers  for  short  wave  length  ranges.  Since  the  methods 
of  measurement  generally  used  in  determining  the  magnitude 
of  this  factor  are  based  upon  audio  frequency  supply,  it  will 
not  be  necessary  to  take  this  into  consideration  at  this  time. 

The  measurement  of  the  internal  impedance  has  been  cov- 
ered by  the  methods  of  van  der  Bijl  amd  Miller.  The  first  of 
these  methods  is  based  upon  the  fact  that  the  internal  impedance 

E 

is  the  slope,  y    of  ^^^  d.  c.  characteristic.     It  may,  therefore, 

be  measured  gi-aphically  from  a  plot  of  this  relation,  or  by  means 
of  direct  currents.  Miller's  method  is  a  dynamic  one,  and  is 
swifter  and  more  accurate.  The  equation  for  the  computation 
of  Ro  from  the  adjustments,  however,  involves  the  factor  /*  in 
a  very  important  place,  which  means  that  the  precision  obtain- 
able depends  upon  the  measurement  of  )«-.  This  is  unde- 
sirable, not  only  for  this  reason,  but  also  because  a  direct  meas- 
urement of  Ro  only  cannot  be  made  without  first  determining 
the  value  of  ^  by  a  separate  balance.  These  objections  are 
not  of  a  serious  nature,  but  are  nevertheless  to  be  considered  in 
the  selection  of  methods  for  an  extended  research  on  vacuum 
tube  problems. 

The  writer  has  employed  a  dynamic  null  method  for  the 
measurement  of  the  internal  impedance,  which  partially  over- 
comes the  above  objections  and  gives  much  better  minima  in 
the  indicating  telephones.  The  circuital  arrangement  of  appa- 
ratus is  shown  in  Figure  1. 

This  is  virtually  a  Wheatstone  bridge  connection.  The 
audio  frequency  alternating  current  is  introduced  at  the  ter- 
minals of  the  slide  wire,  Ri  R2.  The  resistance,  R,  may  be  made 
adjustable  if  desired  and  for  maximum  sensitiveness  should 
be  approximately  equal  to  the  internal  impedance  of  the  tube 
under  measurement.  The  internal  impedance  of  vacuum  tubes 
may  range  from  5,000  to  500,000  ohms,  and  particularly  at  the 
higher  values  it  may   be  advantageous  to  employ  resistances 
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at  R  made  bj^  a  spluttered  film  process.  Specially  wound 
Curtis  coils  may  also  be  used  and  may  be  depended  upon  to 
be  practically  free  from  inductance.  This  matter  becomes  of 
importance  only  for  the  higher  audio  frequencies.  The  method 
of  indicating  the  null  point  is  of  interest.     In  the  writer's  set-up 


Figure  1 


a  small  resistance  of  known  value  was  inserted  in  the  balance 
lead,  the  drop  of  potential  being  amplified  by  a  two-stage  vacuum 
tube  system.  It  was  found  that  this  arrangement  gave  audi- 
bilities equal  to  those  obtained  with  telephones  inserted  directly 
into  the  circuit,  and  possessed  the  additional  advantage  of  re- 
ducing the  extraneous  inductance  and  resistance  in  the  circuit  to  a 
minimum.  The  effect  of  the  telephones  in  the  measurements 
to  be  described  was  of  the  order  of  several  per  cent;  for  this 
reason  the  complication  seems  justified. 

The  theory  of  the  arrangement  shown  is  verj^  simple.  The 
alternating  voltage,  Eg  operating  across  the  terminals  of  the 
slide  wire,  causes  two  branch  currents  to  flow,  7i  and  lo  as  marked 
in  the  figure.  For  the  condition  of  silence  in  the  telephones, 
e  and  the  current  in  the  balance  circuit  containing  the  indicating 
apparatus  must  be  zero.     This  means  that: 

/?2  /i  =  li  Ji  (3) 

but 

En  ,       -,  E„ 


h= 


RI+R2 


Substituting  into  (3)  gives: 


R'l 


and  1-2  = 


R 


Ro^R 


Ri-\-R2     Ro-\-R 

133 


(4) 


(•^) 


from  which 


Ro^^^R  (4) 


The  computation  of  the  internal  impedance,  R^,  from  this  rela- 

tion  is  very  simple  and  involves  nothing  but  the  ratio  -~   and 

the  resistance,  R.  The  main  advantage,  as  mentioned  above, 
of  this  method  is  the  ability  to  obtain  perfect  null  points.  With 
ordinary  care  in  the  distribution  of  conductors  it  is  readily 
possible  to  obtain  balance  points  of  a  degree  of  ambiguity  not 
exceeding  0.2  of  one  per  cent.  The  measurement  under  these 
conditions  becomes  a  matter  of  some  precision. 

Mutual  Conductance. — The  ratio  between  the  plate  cur- 
rent and  the  corresponding  grid  or  control  potential  is  of  great 
importance  in  determining  the  figure  of  merit  of  the  device  as 
an  amplifier  and  oscillation  generator.  As  pointed  out  by 
Hazeltine,  it  is  of  the  dimensions  of  a  conductance,  and  was 
therefore  termed  the  mutual  conductance,  and  represented  by  the 
symbol  g.  It  seems  to  the  present  writer  that  the  use  of  a  symbol 
of  this  sort,  having  general  engineering  utility  is  undesirable  and 
leads  to  confusion,  and  suggests  the  use  of  the  Greek  letter 
"rho"  (p)  for  this  purpose.  The  mutual  conductance  is  evi- 
dently related  to  the  other  tube  constants  just  defined  by  the 
expression : 

"=1  (5) 

and  may,  therefore,  be  computed  from  a  knowledge  of  the  fac- 
tors involved.  It  is  the  slope  of  the  "static"  characteristic  of 
the  tube,  plotted  on  the  basis  of  Ip  versus  Eg  (plate  current 
versus  control  potential).  It  may  be  evaluated  graphically  by 
taking  the  slope  of  the  tangent  at  any  point  on  this  curve.  Since 
this  method  is  laborious  and  may  easily  lead  to  considerable 
error,  it  may  be  better  to  measure  the  amplification  constant 
and  internal  impedance  separately  and  compute  the  value  of  p 
from  the  relation  (5)  above.  While  this  is  the  better  of  the  two 
methods  available,  it  is  still  an  indirect  one,  and  it  is  regrettable 
that  the  measurement  of  this  most  important  tube  constant 
should  be  accompanied  by  so  much  labor. 

The  writer  has  developed  a  dynamic  method  for  measur- 
ing p  which  retains  the  recognized  advantages  of  null  meth- 
ods and  possesses  the  additional  one  of  giving  the  value 
of   the    mutual    conductance    directly.     The    method    becomes 
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particularly  simple  if  the  slide  wire,  R,  is  calibrated  directly  in 
terms  of  the  mutual  conductance  represented. 

Dynamic  Method  for  the  Determination  of  the  Mutual 

Conductance 
The  circuital  arrangement  of  apparatus  is  shown  in  Figure  2. 


—  I 


Figure  2 


The  alternating  current  for  the  measurement  is  supplied  to 
the  slide  wire,  R  thru  the  primary,  Pi,  of  the  transformer.  This 
ma}'  be  of  anj^  frequency  and  may  be  supplied  from  an  alternator, 
vacuum  tube  or  buzzer  source  of  the  type  shown  in  the  figure. 
If  the  buzzer  arrangement  is  employed,  it  is  usually  necessary 
to  shunt  the  contacts  with  a  large  condenser  in  order  to  suppress 
undesirable  harmonics  tending  to  distort  the  secondary  current 
from  the  true  sine  form.  The  leads  to  the  apparatus  from  the 
generator  should  also  be  covered  with  metal  sheathing  and 
thoroly  grounded,  and  also  arranged  so  that  the  induction  into 
the  grid  circuit  will  be  at  a  minimum.  The  core  of  the  trans- 
former and  the  filament  circuit  of  the  tube  are  inter-connected 
and  grounded  in  order  to  minimize  residual  sound  at  the  balance 
point. 

In  the  circuit  shown,  the  input  and  output  circuits  of  the 
tube  are  coupled  by  means  of  the  toroidal  core  transformer, 
Pi  Pi  S,  to  a  tertiary  circuit  containing  the  indicating  apparatus. 
The  theory  of  the  arrangement  is  very  simple. 
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If  the  leakage  in  the  transformer  is  neghgible,  as  will  be  the 
case  if  the  core  is  a  torus  of  the  form  shown  in  Figure  2,  the 
induction  into  the  tertiary  circuit  from  the  grid  circuit  primary 
will  be: 

E'  =  kt,I  (6) 

where  fc  is  a  constant  of  little  interest.  Similarly  from  the  plate 
circuit  we  have  the  induction: 

E"  =  kt,I,  (7) 

If  now,  the  windings  are  so  connected  that  the  two  emfs.  are 
vectorially  opposed,  the  resulting  emf.  operating  in  the  circuit 
will  be: 

E'-E"  =  k(Ih-I,h)  (8) 

The  indication  being  taken  as  the  condition  of  silence  in  the 
telephones  (or  amplifier)  connected  in  this  circuit,  this  state 
of  affairs  leads  to: 

Ih  =  I,t,  (9) 

The  value  of  the  plate  current  depends  upon  the  grid  voltage 
as  indicated  by  the  relation,  Ip  =  pEg,  and 

I^  =  pEg=pRI  (10) 

so  that 

h^pRt,  (11) 

and  finally 

which  defines  the  value  of  the  mutual  conductance,  p,  in  terms 
of  the  resistance,  R,  across  the  grid  circuit.  For  practical 
reasons,  it  is  well  to  keep  the  value  of  R  required  for  normal 
measurements,  at  a  low  value  of  the  order  of  100-1,000  ohms. 
This  matter  may  be  adjusted  nicely  by  selecting  a  suitable 
ratio  h/ti,  such  as,  for  instance,  10:500.  If  the  ratio  is  kept 
at  a  constant  value,  the  relation  becomes  very  simple,  permitting 
the  calibration  of  the  slide  wire,  R,  directly  in  terms  of  p.  The 
method  then  becomes  both  swift  and  accurate  and  should  be 
particularly  useful  in  connection  with  acceptance  tests  of  vacuum 
tubes  intended  for  use  as  amplifiers  and  oscillators  where  a  high 
value  of  p  is  desirable.  The  latitude  of  tolerance  may  be  marked 
directly  upon  the  slide  wire  thus  reducing  the  mental  labor  of 
such  tests  considerably.  The  whole  matter  then  becomes  a 
mechanical  proposition,  and  may  be  safely  intrusted  to  inex- 
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perienced  operators.  Measurements  on  certain  tubes  by  this 
method  will  be  described  in  a  later  paragraph. 

Detector  Constants. — In  addition  to  its  use  as  an  amplifier 
and  oscillator,  the  vacuum  tube  has  a  distinct  field  of  utility  as 
a  detector  of  radio  frequency  oscillations.  When  used  for  this 
purpose,  two  methods  of  operation  are  possible:  (a)  without 
grid  condenser  but  with  biasing  battery  in  the  grid-filament 
circuit,  and  (b)  with  grid  condenser.  The  phenomena  attending 
the  latter  mode  of  functioning  have  been  well  described  in  the 
classic  paper  by  Armstrong^  as  well  as  in  numerous  other  publi- 
cations. 

In  general,  when  the  grid  condenser  is  omitted,  operation 
takes  place  upon  a  region  on  the  characteristic  surface 

which  is  curved  or  bent,  the  indication  in  the  telephones  being 
the  result  of  a  variation  in  the  mean  value  of  the  plate  current 
due  to  the  superposition  of  the  radio  frequency  oscillations. 
Two  regions  of  operation  are  possible,  as  shown  by  the  static 
characteristic  curves  of  Figure  5.  It  will  be  observed  that  the 
second  derivative  of  Ip  with  respect  to  Eg,  which  determines 
the  curvature,  becomes  appreciable  at  two  points.  One  of 
these  represents  saturation  and  involves  considerable  space 
current,  the  other  occurs  when  the  curve  is  leaving  the  axis, 
7j,  =  0.  The  latter  region  is  usually  the  best  operating  point 
on  account  of  greater  curvature. 

The  curvature  of  the  static  characteristic  curve  at  either 
of  these  points  is  a  direct  index  of  the  detecting  merit  of  the 
tube.  The  truth  of  this  proposition  may  be  readily  established 
as  follows: 

Assume  that  the  curve  shown  in  Figure  3  represents  the  plate 
current  as  a  function  of  the  grid  or  controlling  potential,  this 
being  the  graph  of  some  function: 

Ip-^(Eg)  (13) 

The  operation  is  to  be  performed  around  some  point  on  this 
curve,  such  as  Eg  marked  in  the  figure.  An  increment  equal 
to  Ae^  is  given  the  control  potential,  followed  by  an  equal  one 
of  opposite  sign.     We  have  then: 

7,+A,/,  =  (^(^„+A6,) 

.  I,-^.Ip  =  c}^{Eg-Aeg) 

8  Proceedings  of  The  Institute  of  Radio  Engineers,  volume  'S,  num- 
ber 3,  Septembei',  191.5. 


The  response  in  the  telephones  is  proportional  to  the  variation 
of  the  mean  value  of  the  change  in  plate  current,  or 


! 


i. 
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from  the  steady  state  value,  Ij 
the  rectification  index  is: 


For  a  given  stimulus,  Ae^, 


2A^„ 


(16) 


or  is  proportional  to  the  difference  in  the  slopes  of  the  curve 
at  the  points  corresponding  to  the  constraints  of  operation. 
The  function  being  continuous,  assuming  the  increments  to  be 
infinitesimal  and  going  to  the  limit  this  ratio  becomes: 


D 


dEJ 


(17) 


or  for  small  variations  of  Eg  the  rectification  depends  upon  the 
second  derivative  of  the  plate  current  with  respect  to  the  grid 
potential.  This,  it  will  be  remembered,  is  also  the  derivative 
of  the  mutual  conductance  with  respect  to  Eg.     The  value  of 
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this  differential  is  fundamental  in  determining  the  merit  of  the 
device  as  a  detector  without  grid  condenser,  and  may  be  called 
the  detector  constant  without  grid  condenser,  and  denoted  by  the 
symbol,  D.  It  may  be  readily  determined  graphically  from 
the  curve  of  mutual  conductance  as  a  function  of  the  controlling 
potential,  or  computed  from  measurements  of  the  internal 
impedance  and  amplification  constant  at  two  points  as  close 
together  as  possible.  These  methods  are  open  to  the  objection 
of  being  indirect,  but  a  suitable  direct  method  does  not  seem 
to  be  available. 

(b)  Operation  with  Grid  Condenser. — As  is  well  known, 
operation  of  the  tube  with  a  series  condenser  in  the  grid  circuit 
involves  the  rectification  of  the  impressed  oscillating  emf.  on  the 
grid  to  produce  a  charging  current  thru  the  condenser  which 
is  uni-directional  and  hence  charges  the  grid  condenser  con- 
tinuously to  produce  an  increasing  negative  potential  on  the  grid. 
The  radio  frequent  voltage  is  super-imposed  upon  the  changing 
mean  potential  of  the  grid,  and  the  point  of  operation  instead  of 
remaining  fixed  upon  the  static  characteristic  curve,  slides  down 
along  the  curve  and  produces  a  variation  of  the  mean  plate 
current  upon  which  is  superposed  the  radio  frequent  changes. 
On  this  basic  theory  we  are  obviously  interested  in  two  changes; 
first,  the  rectification  in  the  grid  circuit,  and  second,  upon  the 

slope  of  the  -f  curve.     A  definition  of  the  merit  of  the  tube 

used  in  this  manner  must  contain  both  of  these  factors.  The 
first  effect,  in  the  light  of  the  previous  discussion,  we  may  ex- 
pect to  be  dependent  upon  the  second  derivative  of  the  grid 
current-grid  potential  curve.  The  second  is  obviousl}'  deter- 
mined by  the  value  of  p.  Superimposing  these  effects,  an  appro- 
priate definition  of  the  detecting  action  would  seem  to  be: 

dJj,     d^,  (18) 

dE,     dE,^  ^  ""^ 

In  some  tubes,  the  region  of  maximum  curvature  in  the  grid 
current-voltage  curve  may  correspond  to  working  points  involv- 
ing finite  positive  values  of  grid  potential,  in  which  case  it  is 
desirable  to  use  a  "grid-leak"  resistance  in  order  to  place  the 
starting  point  at  the  proper  place  on  the  characteristic  curve. 
This  does  not  effect  the  definition,  however,  and  is  of  very  little 
interest  here.  It  is  also  to  V)e  noted  that  as  the  oscillation  per- 
sists  and   the   charging   of  the   grid   condenser   continues,   the 

13!) 


region  of  operation  shifts,  producing  simultaneously  a  change 
in  the  curvature  of  the  — "  curve  so  that  the  above  definition 

Eg 

cannot  be  regarded  as  complete  except  when  the  stimulus  is 
weak  and  of  short  duration  or  a  grid  leak  is  used  and  the  equation 
of  the  grid  current  as  a  function  of  the  impressed  grid  emf.  may 
be  placed  in  constant  exponential  form.  Otherwise,  the  rectifi- 
cation is  no  longer  a  function  of  the  curvature  of  the  character- 
istic alone,  but  also  depends  upon  the  magnitude  of  the  initial 
oscillatory  pulse.  In  short,  the  precise  nature  of  the  phenomena 
attending  the  operation  with  the  grid  condenser  being  complex 
and  imperfectly  understood  it  may  be  well  to  bear  in  mind  the 
possibility  of  discounting  the  value  of  the  above  definition.  Its 
main  value  lies,  however,  in  its  usefulness  in  indicating  the  gen- 
eral possibilities  of  the  tube  as  a  detector  used  in  this  connection. 
The  value  of  the  detecting  constant  with  grid  condenser, 
denoted  by  the  symbol  (o-)  maj'  be  determined  by  the  aid  of 
a  dynamic  method  similar  to  that  used  for  the  measurement 
of  the  internal  impedance.  The  circuital  arrangement  is  shown 
in  Figure  4. 


Figure  -i 


For  the  condition  of  silence,  as  in  the  previous  case,  we  have 
for  the  effective  resistance  of  the  grid  circuit  of  the  tube: 


B. 
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R' 


(19) 


The  reciprocal  of  this  quantity,  represents  a  conductance  and 

determines  the  slope  of  the  grid  current-voltage  curve.     If  two 

measurements  are  made  at  points  not  wideh'  separated,  of  the 

reciprocal  ig),  substitution  in  the  expression: 
/       // 

g  -g 


Cg  €,j  tig      tig        {eg  Cg      ) 
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(20) 


yields  an  approximate  value  of  the  second  derivative,  which 
when  multiplied  by  the  value  of  p  corresponding  to  the  mean 
value  of  the  grid  potential  taken  in  the  preceding  measurements, 
will  give  the  approximate  experimental  value  of  the  detecting 
constant.  The  value  obtained  in  this  manner,  while  not  theoreti- 
cally accurate,  is  nevertheless  of  more  value  from  a  practical 
viewpoint  since  operation  never  takes  place  over  a  region  which 
is  theoretically  infinitesimal.  The  method  is  perfectly  simple 
and  straightforward,  but  for  the  reasons  cited  above,  the  value 
of  the  result  as  a  final  index  of  the  operation  is  questionable. 

Experimental  Investigation  of  the  General  Relation 
Between  Tube  Parameters 
The  summarization  of  definitions  and  methods  of  measure- 
ment contained  in  the  preceding  paragraphs  may  be  advan- 
tageously applied  to  an  investigation  of  the  general  character 
of  the  relations  between  the  constants  of  vacuum  tubes.  In  the 
following  paragraphs  will  be  reproduced  some  curves  which 
have  been  experimentally  obtained  with  the  methods  described 
above  and  which  have  been  made  upon  a  typical,  widely  used 
form  of  thermionic  amplifier.  Dr.  Miller  in  illustrating  the  use 
of  his  methods,  has  already  published  some  curves  connecting 
the  amplification  coefficient  and  internal  impedance  with  the 
plate  voltage.  The  use  of  this  independent  variable  gives  a 
result,  however,  which  is  only  a  very  small  part  of  the  whole 
story.  Information  of  much  greater  value  may  be  obtained 
by  plotting  the  variation  of  the  tube  parameters  in  parallel  with 
the  static  characteristic,  or  against  Eg  taken  as  the  independent 
variable  with  E,,  as  parameter.  A  complete  investigation  for 
a  given  tube  would  involve  the  repetition  of  this  process  for 
various  values  of  filament  temperature.  This  introduces  a 
total  of  three  independent  variables  and  involves  considerable 
experimental  labor,  but  this  would  be  compensated  for  by  the 
completeness  of  the  study  and  fertility  in  deductions  made 
possible.  A  complete  and  logical  research  might  be  planned 
upon  this  course  of  procedure  with  each  tube,  by  varying  the 
geometry  of  the  electrode  system,  that  is  to  say,  by  varjdng 
the  grid-filament  spacing  with  plate-filament  spacing  being  re- 
garded as  a  parameter.  It  is  unnecessary  to  observe  that  a  com- 
plete investigation  undertaken  along  these  lines,  while  involving 
considerable  time  and  experimental  labor,  would  permit  of  a 
correlation  of  structural  methods  and  results  which  would  be 
of  the  greatest  value  in  the  future  design  of  vacuum   tulies. 


The  general  character  of  the  variation  of  the  tube  constants 
defined  above  with  the  grid  or  controlhng  potential  (Ep  being 
taken  as  a  parameter),  is  of  primary  interest  in  the  study  of  a 
certain  type  of  tube.  In  order  to  obviate  the  necessity  for  re- 
peating this  work  with  different  values  of  filament  temperature, 
one  temperature  should  be  selected  for  the  work  which  is  opti- 
mum, and  represents  the  maximum  value  of  the  product  of  life 
and  desirability,  the  latter  being  defined  by  the  increase  in  the 
important  constants.  In  the  curves  to  be  displayed,  an  inves- 
tigation having  previously  been  made  on  this  point,  a  filament 
current  was  used  which  was  considered  to  be  an  optimum  value. 

The  familj^  of  static  characteristic  curves  in  Figure  5  are 
representative  of  the  tube  used. 


-  SIATIC  CEARtCTSRISTIC  - 


-10 


•  5  0  +5 

GRID  POiaHirAI   (VOLTS) , 
FicrRE  5 


In  this  figure,  two  of  the  grid  currents  have  been  represented 
by  the  dotted  curves.  The  free  grid  potentials  or  the  potential 
which  must  be  applied  to  the  grid  in  order  that  the  plate  current 
may  have  a  value  identical  with  that  which  is  obtained  when  the 
grid  is  disconnected,  are  represented  by  the  dashed  curve  marked 
"locus  of  free  grid  potentials."  This  is  a  matter  of  secondary 
interest,  but  is  sometimes  helpful  in  making  deductions  con- 
cerning the  operation  of  the  tube. 

The  amplification  coefficients  were  measured  with  the  same 
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values  of  plate  potential  and  with  the  same  independent  variable, 
Eg.  Miller's  method  proved  very  useful  for  this  purpose. 
Great  care  is  necessary  in  the  arrangement  of  apparatus  to  reduce 
electrostatic  induction  effects  which  tend  to  obscure  the  true 
balance  point.  The  value  of  such  initial  care  in  the  set-up 
of  the  apparatus  is  well  shown  by  the  agreement  between  the 
final  smoothed  curve  and  the  observation  points.  The  results 
are  depicted  in  Figure  6. 
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The  salient  feature  of  these  curves  lies  in  the  fact  that  the 
amplification  factor  is  not  constant,  as  has  been  intimated  from 
measurements  with  direct  currents  by  Dr.  van  der  BijI,  but 
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depends  greatly  upon  the  grid  potential  in  the  region  in  which 
operation  takes  place.  The  falling  off  for  positive  values  of 
grid  potential  and  smaller  plate  voltages  is  particularly  notice- 
able. The  reason  for  this  is  not  apparent,  a  'priori,  from  the 
theory,  since  the  relation  between  the  effects  of  stray  field  and 
the  grid  potential  would  seem  to  be  constant  and  independent 
of  any  value  that  the  grid  potential  might  assume.  However, 
the  equation  upon  which  the  theory-  rests  represents  conditions 
only  within  limited  constraints  on  the  characteristic  surface, 
particularly  in  the  region  where  the  plate  current  is  small  and 
the  grid  potential  is  negative  or  near  zero.  After  the  point  of 
inflection  on  the  curve  is  passed,  the  expressions  of  Langmuir 
and  van  der  Bijl  are  not  even  correct  in  form,  so  that  a  wide 
discrepancy  between  theory  and  the  results  is  not  seriously 
disturbing.  The  following  explanation  of  the  effect  in  ques- 
tion has  suggested  itself  to  the  writer. 

If  the  exact  exponential  variation  of  the  plate  current  with 
respect  to  the  inter-electrodic  forces  is  assumed  to  be  arbitrary, 
and  the  concept  of  the  relative  effects  of  the  plate  and  grid 
potentials  only  is  retained,  we  may  represent  the  plate  current 
as  some  function  of  these  forces  as  follows: 

I,=f{E,+f^E,)  (21) 

The  only  matter  of  interest  in  this  connection  is  the  relative 
effects  upon  the  plate  current,  of  the  grid  and  plate  forces,  since 
this  determines  the  amplification  of  voltage  in  the  tube.  As- 
sume that  the  distribution  of  forces  and  scalar  potentials  may  be 
approximately  represented  by  the  diagram  of  Figure  7. 

In  this  figure  the  inter-electrodic  distances  are  represented 
by  the  abscissas,  the  ordinates  representing  the  value  of  the 
scalar  potentials,  V.  F  is  the  emitting  surface,  and  the  dashed 
line  represents  the  grid  electrode.  The  positive  potential  is 
applied  to  the  plate  {P  in  the  figure)  and  when  the  tube  is  cold 
the  scalar  potential  may  be  represented  by  the  straight  line  AB. 
In  this  case  the  grid  is  not  connected.  When  the  grid  is  con- 
nected (the  practical  case)  the  only  field  existing  at  G  is  that 
due  to  the  plate  potential  acting  thru  the  grid  wires  as  pointed 
out  by  Dr.  van  der  Bijl.  This  he  has  very  appropriately  termed 
the  stray  field.  It  is  represented  in  the  figure  b}'  the  dotted 
line  Ab.  AVhen  the  tube  is  hot  and  the  surface  F  is  emitting 
electrons,  AB  and  Ah  become  roughly,  as  shown  in  the  figure, 
the  curves  marked  AB'  and  Ah',  respectively'.  The  curvature 
is  due  to  the  effect  of  the  electronic  atmosphere,  which  consti- 
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Figure  7 


tiites  a  negative  cloud.  At  the  operating  filament  temperature 
the  slope  of  the  curve  at  the  filament  is  finite  and  the  satura- 
tion effect  of  the  space  charge  is  not  reached  when  the  grid 
is  disconnected.  When  the  grid  is  connected,  however,  space 
charge  saturation  between  grid  and  filament  is  undoubtedly 
attained  and  the  slope  of  this  curve  at  the  emitting  surface 
is  zero.  The  emission  velocities  at  the  surface  of  the  filament 
are  ignored  as  being  inappreciable  at  a  temperature  of  1.300 
degrees  Kelvin,  the  point  of  operation.  The  reason  for  the 
slope  of  the  potential  function  attaining  a  zero  value  when  the 
emission  is  copious  has  been  well  brought  out  by  Richardson,' 
with  the  aid  of  Poisson's  equation.  This  is  the  initial  state  of 
affairs  when  the  grid  potential  is  zero.  When  a  positive  poten- 
tial is  placed  upon  the  grid,  the  potential  curves  probably  assume 
the  general  form  shown  in  the  figure  by  the  dot  and  dash  curves. 
In  this  case  the  vector  potential, V  •  V,  the  force  acting  upon  the 

^Richardson,  O.  W.,  "The  Emission  of  Electricity  from  Hot   Bodies," 
Longmans,  Green  and  Co.,  London,  1916. 


electron  is  greater  in  the  region  between  the  grid  and  filament 
than  in  the  plate-grid  space,  this  increasing  as  the  plate  poten- 
tial is  decreased.  There  being  now,  more  electrons  in  the  plate 
grid  space  than  before,  the  effect  of  space  charge  is  beginning 
to  be  felt  and  the  curve  in  this  region  sags  slightly  as  shown. 
The  force  tending  to  overcome  this  condition  is  that  due  to  the 
plate  and  for  small  plate  voltages  it  seems  readily  possible  for 
the  slope  of  the  potential  curve  at  the  grid  to  be  zero.  This 
means,  of  course,  that  there  is  no  force  operating  upon  the 
electron.  The  plate  contributes  nothing.  This  effect  disap- 
pears at  higher  values  of  plate  potential  and  the  curve  straightens 
out. 

From  the  above  statement  of  the  condition  of  affairs  in  the 
inter-electrodic  space,  it  would  appear  that  when  the  potential 
on  the  grid  is  in  the  neighborhood  of  zero,  and  the  grid-filament 
is  enjoying  the  effects  of  space  charge,  the  field  intensity  be- 
tween plate  and  filament  being  high  enough  to  attract  strongly 
any  electrons  that  manage  to  escape  the  congestion,  we  may 
expect  the  grid  potential  to  have  a  greater  effect  upon  the  elec- 
tronic flow  than  that  of  the  plate.  This  carries  with  it  the  idea 
of  a  large  value  of  /^  from  the  relation  (21)  above.  Also  when 
the  grid  potential  becomes  positive  with  respect  to  the  filament, 
the  space  charge  effect  mentioned  is  broken  up  and  the  con- 
duction is  increased.  This  is  accompanied  by  a  shift  of  the  space 
charge  from  the  filament-grid  region  to  the  plate-grid  region, 
and,  as  noted  above,  the  curve  between  the  plate  and  grid 
electrodes  sags  to  correspond.  In  this  case  there  are  plenty 
of  electrons  available  at  the  grid  plane,  but  the  reactive  force 
is  the  space  charge.  A  slight  increment  in  the  plate  force  re- 
sults in  a  partial  neutralization  of  this  effect  by  taking  some  of 
the  electrons  out  of  the  space,  so  that  now  the  plate  potential 
becomes  the  predominating  force  since  any  increase  in  grid 
potential  will  obviously  only  increase  the  tendency  to  space 
charge.     This  results,  of  course,  in  a  lower  value  of  /*,  which 

E 
effect   increases   as   the   ratio  ^   decreases.     The   gist   of   the 

whole  matter  is  that  the  space  charge,  with  its  accompanying 
saturation,  shifts  from  one  region  to  the  other  and  changes  to 
correspond,  the  relative  effects  of  the  grid  and  plate  potentials 
and  thus  the  value  of  /*. 

The  variation  in  the  internal  impedance  is  well  shown  by 
the  curves  of  Figure  8. 

The  measurements  represented  were  made  with  the  aid  of  the 
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bridge  arrangement  described  in  this  paper,  the  minima  obtained 
with  Miller's  method  being  ill  defined.  The  results  are  homo- 
genous and  very  satisfactory.  The  salient  feature  of  the  curves 
is  that  the  resistance  of  the  tube  undergoes  extreme  variation, 
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the  minima  representing  roughly  the  points  of  inflection  on  the 
static  characteristic  curves. 

The  factor  of  prime  importance  in  connection  with  the  use 
of  the  tube  as  an  amplifier  or  oscillator  is  the  mutual  conductance. 
This  may  be  computed  from  the  values  of  i>-  and  R„  measured 
above  from  the  relation  (5)  or  it  maj-  be  directly  determined  by 
the  writer's  method  previously  described.     In  Figure  9,  the  solid 
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curves  represent  the  results  of  computation  from  the  ampUfica- 
tion  constant  and  the  internal  resistance,  while  the  observed 
points,  using  the  method  in  question,  are  represented  by 
the  small  circles.  The  agreement  between  the  two  meth- 
ods seems  to  be  satisfactory  and  the  results  are  very  interest- 
ing. 
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It  will  be  noted  that  none  of  the  maxima  are  very  broad  which 
shows  that  amplification  at  these  points  will  be  accompanied 
by  distortion  if  an  extended  operating  region  is  involved.  Also 
when  using  the  tube  for  amplification  purposes  in  connection 
with  radio  receiving,  the  point  of  operation  should  be  carefully 
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selected  by  means  of  a  biasing  potential  of  suitable  value  applied 
to  the  grid.  In  selecting  the  operating  region  for  this  purpose, 
other  considerations  are  pertinent.  For  instance,  the  maxima 
are  not  equally  desirable  since  theii*  magnitudes  are  different, 
hence  the  optimum  value  of  plate  potential  should  also  be  selected. 
This  should  also  be  preferably  situated  on  the  left  hand  side  of 
the  zero  center  line,  so  that  the  grid  or  input  circuit  offers  no 
conductance  when  connected  across  the  terminals  of  the  condenser 
or  the  output  circuit  of  the  preceding  tube.  Having  determined 
bj^  intelligent  methods  upon  the  proper  point  for  the  operation 
of  the  tube,  we  may  now  proceed  to  design  the  connecting  link 
between  the  tubes  which  will  introduce  the  optimum  impedance 
into  the  output  circuit  and  give  the  maximum  voltage  output 
across  the  input  circuit  of  the  next  tube.  In  this  ver}'  practical 
matter,  we  are  aided  considerablj'  by  a  knowledge  of  the  internal 
resistance  of  the  tube.  The  design  of  amplifiers  is  a  matter  of 
some  engineering  importance  and  will  ])e  considered  at  length 
in  another  paper. 

The  detecting  constant,  D,  for  operation  without  grid  con- 
denser may  be  evaluated  by  taking  the  slope  of  the  tangent  to 
the  P  curve  at  any  point.  This  is  not  an  entirel}'  accurate  pro- 
cedure but  is  the  l)est  method  at  present  available.  The  results 
of  this  method  applied  to  the  tube  used  in  this  work  are  repre- 
sented in  Figure  10. 

The  truth  of  the  belief  that  the  better  operating  point  cor- 
responds to  low  values  of  plate  current  is  well  brought  out  by 
these  curves.  Also  it  will  be  noted  that  low  plate  voltages  are 
favorable  to  such  operation.  From  the  point  of  view  of  plate 
battery  economy  this  is  an  important  point.  In  general  tubes 
operate  Ijetter  as  detectors  with  grid  condensers,  and  in  special 
cases,  with  grid-leak  resistances  in  addition. 

The  statement  just  made  concerning  the  operation  of  the 
tube  with  grid  condenser  emphasizes  the  importance  of  study- 
ing detector  constants  under  these  conditions.  This  is  some- 
what of  a  tedious  process  but  the  results  are  interesting.  The 
Wheatstone  bridge  arrangement  described  may  be  used  to 
measure  the  effective  resistance  of  the  grid  filament  circuit  at 
various  grid  potentials.     The  reciprocal  of  this  quantity  is  the 

grid    conductance,  ■—•      In    Figure    11    this    conductance    has 

been  plotted  against  positive  values  of  grid  potential. 

There  is  no  conduction  for  negative  values  of  Eg  if  the  emis- 
sion is  pure  (that  is,  there  is  no  positive  emission)  and  the  tube 
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has  been  well  evacuated,  so  that  negative  values  of  Eg  have  no 
interest.  The  slope  of  the  conductance  curve  is  evidently  the 
second  derivative  of  the  grid  current  function  with  respect  to 
the  applied  potential.     This  is  one  of  the  quantities  entering 
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into  the  definition  of  the  detecting  constant  with  grid  condenser. 
The  dashed  curves  in  Figure  11,  represent  the  magnitude  of 
the  second  derivative  and  have  been  derived  from  the  conduc- 
tance curves  by  taking  the  tangent  at '  various  points.  It  is 
interesting  to  note  that  the  larger  values  correspond  to  the 
lower  plate  potentials.  The  complete  definition  of  the  detecting 
factor  involves  in  addition  to  the  grid  rectification  index,  the 

slope  of  the  ■=-   curve,  or  p.     The  curves  in  Figure   12  repre- 

sent  the  addition  of  this  factor  and  exhibit  completely  the  de- 
tecting action  of  the  tube. 

Several  practical  deductions  may  be  immediately  made  from 
these  results.  In  the  first  place,  when  the  tube  is  to  be  em- 
ployed as  a  detector  (with  grid  condenser),  a  grid  leak  is  desirable, 
especially  when  strong  signals  are  to  be  impressed  upon  the 
sj^steni.     This   leak   resistance   should   be   placed    between    the 


loO 


grid  and  the  positive  leg  of  the  filament  and  should  have  a  value 
necessary  to  place  the  starting  point  of  the  grid  potential  at  a 
point  on  or  above  the  maxima  on  the  curves  in  Figure  12.     A 
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plate  voltage  of  20  or  possibly  less  (this  point  not  having  been 
investigated)  should  be  used,  since  this  gives  the  greatest  value 
of  o".  In  the  case  of  weak  signals,  whether  or  not  a  grid  leak 
should  be  employed  is  problematic,  since  theoretically  when  the 
grid  current-voltage  curve  intersects  the  axis,  lg  =  0  the  curvature 
is  infinite,  and  a  singular  point  condition  is  obtained.  The  de- 
tecting factor  is  then  infinite  also,  and  the  rectification  is  perfect. 
This  will  only  be  the  ('as(>  for  vorv  weak  signals  and  for  general 
]iurpos('s,  it  may  be  well  to  saci'ifun^  if  nccc^ssary,  the  response 


for  weak  signals  to  gain  efficienc}'  on  the  stronger  signals  bj'  em- 
ploying a  grid  leak  resistance.  In  the  region  between  the  zero 
grid  voltage  and  the  voltage  corresponding  to  maximum  values 
of  o",  the  change  in  o"  is  great.      Similar^  after  the  maxima  have 
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been  j^assed,  but  in  this  case,  the  irregularit}"  is  not  serious  since 
the  grid  potential  will  shift  to  the  negative  when  the  charging 
starts,  passing  thru  the  maximum  value  and  being  augmented 
in  the  process.  As  a  matter  of  fact,  this  consideration  leads  to 
the  question  as  to  whether  or  not  it  may  be  advantageous,  in 
order  to  cover  all  possibilities  in  the  matter  of  signal  strength, 
deliberately'  to  place  the  initial  working  point  upon  positive 


values  of  Eg  beyond  the  maxima.  Just  how  far  this  may  be 
carried  out  without  sacrificing  to  too  great  an  extent,  the  re- 
sponse on  small  stimuli,  will  be  largely  a  matter  of  experiment. 

Philadelphia,  Pennsylvania, 
November  24,  1918. 

SUMMARY:  After  giving  the  definitions  of  various  tube  constants  for  am- 
plification and  detection  and  the  methods  of  measuring  them,  the  author  dis- 
cusses certain  special  questions. 

Among  these  are  grid  condensers  and  grid  condenser  leaks,  and  the 
variation  of  the  various  tube  parameters  with  tube  construction  and  operating 
conditions. 


ADDENDUM    I* 

In  the  paper  a  method  for  measuring  the  mutual  con- 
ductance was  described  which  involved  the  use  of  a  toroidal 
core  balancing  transformer.  Since  this  was  written  an  alter- 
native arrangement  has  been  devised  which  may  be  used  for 
this  purpose  with  equal  success,  and  which  does  not  require 
the  special  transformer  of  the  original  arrangement.  This 
method  should  therefore  be  more  popular  with  those  who  do 
not  care  to  undertake  the  somewhat  tedious  task  of  construct- 
ing a  transformer  with  a  winding  of  five  hundred  turns  on  an 
iron  torus. 

The  circuital  arrangement  is  shown  in  Figure  A: 


AMPLIFIER 

Figure  A 
*  Received  by  the  Editor,  January  15,  1919. 
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Here,  as  will  be  noted,  the  transformer  primaries,  PiPo  have 
been  replaced  by  the  resistances,  Ri  and  R2.  The  large  resistance 
/?' has  been  inserted  into  the  supply  circuit  in  order  that  the  main 
current  may  not  be  greatly  affected  by  the  variation  of  Ri  in 
series.  The  resistance  R2  is  variable  and  a  part  of  the  plate 
circuit,  however,  but  being  of  the  order  of  from  70  to  100  ohms 
with  a  possible  variation  of  30  ohms,  its  effect  on  the  mutual 
conductance  is  quite  ignorable.  The  resistance,  R,  across  which 
the  grid  is  connected  is  fixed  at  about  1,000  ohms,  this  value 
being  chosen  for  the  simplification  of  numerical  computations 
of  p  from  the  settings. 

The  position  of  the  sliding  contact,  S,  is  found  for  which  the 
emf.  across  the  terminals  of  the  slide  wire  is  zero  and  there  is  no 
indication  in  the  telephones  connected  to  the  amplifier  system. 
In  order  that  this  condition  maj^  be  attained  the  emf.  across 
the  resistance  R2  must  ])e  equal  in  magnitude  and  opposite  in 
sign  to  that  across  ^1.  The  proper  phase  relationship  is  pro- 
vided by  the  mode  of  connection.  The  satisfaction  of  the  other 
condition  may  be  identified  with  the  expression: 

IRi  =  IpR-2   ■  (a) 

But,  by  definition, 

I,^pE,^PRI  (b) 

which,  substituted  in  (a),  leads  to 

IRi=pRIR2  (c) 

and 

Also,  since  R  is  purposely  set  at  1,000  ohms,  we  have  finally 

P  =  .001^       amps/ volt  (e) 

R2 

which  is  a  verj^  simple  relation  and  therefore  one  particularly 
suited  to  the  rapid  execution  of  a  large  number  of  measurements. 
The  terminals  of  the  slide  wire,  R1R2  are  connected  to  the 
first  tube  of  an  audio  frequency  vacuum  tube  amplifier  in  the 
manner  shown.  It  is  rather  important  that  the  biasing  battery, 
C,  be  connected  in  seriegwith  the  grid  circuit  in  order  that  the 
resistance  of  this  circuit  shall  be  infinite  and  there  will  be  no 
tendency  for  the  currents  in  the  slide  wire  to  flow  thru  the  grid 
circuit,  which  would  happen  if  the  grid  were  allowed  to  assume 
a  positive  potential  at  the  operating  point.  Under  these  condi- 
tions, if  care  has  been  taken  in  the  arrangement  of  the  wiring, 
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the  minima  will  be  well  defined.  The  resistance  of  the  slide 
wire  may  well  be  of  the  order  of  100  ohms  so  that  the  potential 
drops  may  be  greater  and  a  better  indication  may  be  had  with 
a  minimum  of  amplification.  In  the  writer's  set-up  this  slide 
wire  consisted  of  the  slide  wire  portion  of  the  "Student's  Po- 
tentiometer" manufactured  by  the  Leeds-Northrup  Companj^, 
which  had  a  total  resistance  of  116  ohms,  and  which  proved  to 
be  very  well  suited  to  the  work  having  a  scale  graduated  in  0.5 
divisions  from  0  to  100. 


ADDENDUM  II  f 

As  an  illustration  of  the  great  ease  and  simplicity  with  which 
problems  relating  to  vacuum  tube  circuits  may  be  handled  with 
the  aid  of  the  fundamental  plate  circuit  theorem  and  the  con- 
ceptions of  the  voltage  amplification  factor  and  internal  impe- 
dance, we  maj'  profitabh'  consider  the  oscillation  circuit  depicted 
in  Figure  B,  which  has  previously  been  treated  by  Hazeltine.^ 


'VAA/VVA; 


4i^{v'  % 


Figure  B 


This  circuit  is  extensively  used  for  receiving  purposes  in  con- 
nection with  the  autodyne  method  of  reception  of  continuous 
wave  signals.  It  also  enjoys  extensive  application  in  trans- 
mitting, but  when  used  for  this  purpose,  the  entire  characteristic 
curve  is  utilized,  and  the  grid  potential  may  vary  over  widely 
separated  limits  rendering  the  rigorous  analysis  of  the  operation 
difficult,  if  not  impossible.  In  order  to  construct  the  differential 
equations  for  the  potentials,  it  would  be  necessary  first  to  form- 
ulate the  dependence  of  the  amplification  factor  and  internal 

t  Received  by  the  Editor,  January  15,  1919. 
^  Hazeltine,  previous  citation,  page  79. 
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impedance  upon  the  instantaneous  value  of  the  grid  potential, 
Cg.  This  could  be  done,  possibly,  with  the  aid  of  empirical 
expressions  covering  the  variation  of  /^  and  Ro  as  experimentally 
determined,  but  it  is  doubtful  if  a  simple  integration  of  the 
equations  so  formed  could  be  effected.  For  this  reason  and  for 
the  sake  also  of  simplicity,  in  the  present  discussion  it  will  be 
assumed  that  operation  involves  only  a  very  small  part  of  the 
characteristic  surface,  and  that  in  the  region  considered  the 
values  of  /^,  and  Ro  are  fixed.  This  is  not  so  bold  an  approxima- 
tion as  it  would  at  first  seem,  since  the  most  favorable  part  of 
the  static  characteristic  curve  is  at  the  point  of  inflection  and 
in  this  I'egion  the  amplification  factor  and  internal  impedance  are 
practically  constant.  This  is  shown  by  the  experimental  curves 
displayed  in  the  paper.  After  the  oscillation  has  started,  of 
course,  the  operating  region  expands  until  the  slope  of  the  curve 
decreases  below  the  minimum  possible  value  of  p  determined  by 
the  coefficients  of  the  circuit.  The  problem  consists  in  formulat- 
ing the  relation  between  the  tube  parameters  and  the  circuital 
coefficients  which  will  render  sustained  oscillation  of  the  system 
possible.  As  mentioned  above,  this  matter  has  been  discussed 
by  Hazeltine  in  a  very  valuable  paper  covering  various  types 
of  oscillation  circuits.  In  his  discussion,  the  assumption  is 
made  that  the  plate  current  is  a  simple  function  of  the  grid 
voltage,  the  relation  being  ip  =  Peg.  Any  reaction  existing  be- 
tween the  two  circuits  is  thereby  not  considered,  a  result  being 
obtained,  which,  while  very  simple  and  useful,  cannot  be  re- 
garded as  a  complete  definition  of  the  criterion  for  the  oscillation 
in  actual  systems.  The  following  mode  of  treatment  is  more 
fundamental  and  the  effect  of  reaction  is  completely  deter- 
mined. 

Referring  to  Figure  B,  the  circuital  constants  are  denoted 
by  the  conventional  symbols,  the  internal  impedance  of  the  plate 
circuit  being  inserted  in  series  with  the  inductance,  L2  and  an 
emf.  of  value  fjiCy,  \u  accordance  with  the  usual  method  of  con- 
sidering the  plate  circuit.  The  equations  for  the  potentials 
mav  be  constructed  as  follows: 


di 


di 


.+^^,^+3/^+^P-..  =  0  (2) 


smce 
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We  are  interested  primarily  in  the  variable,  i,  representing  the 

current  in  the  oscillator}^  circuit  LiC ,  which  may  be  isolated  by 

di 
solving  (1)  for  — ^'  and    substituting   the  value  found  in   (2). 

After  multiplying  thru  by  {  —  M),  differentiating  twice  with 
respect  to  /,  and  collecting,  we  have: 

+  fi  =  0        (3) 

which  may  be  placed  in  the  more  convenient  form: 

This  is  a  linear  differential  equation  of  a  familiar  type  with 
constant  coefficients  in  the  operating  region  considered  of  the 
form : 


i3  = 

(5) 


LiUaC 


UUaC 

where  o.  is  the  coefficient  of  leakage   of  dimensions,  1— /i*-,  and 

depends  upon  the  coupling  between  the  grid  and  plate  circuits. 

Proceeding  as  usual  with  an  assumed  integral  of  the  form: 

;  =  .4="'  (6) 

substitution  in  (4)  yields  the  cubic  auxiliary: 

r/^  +  ^«2+7«+J  =  0  (7) 

to  be  solved  for  the  as.      The  complete  solution  is: 

i=.4c""+7?c"^'+C£"^'  (8) 

where  A,  B,  and  C  are  constants  of  integration  to  be  evaluated, 
when  amjilitutles  aie  of  interest,  from  a  knowledge  of  the  initial 
configuration  of  the  system.  The  solution  of  the  cubic  maj* 
be  effected  by  Ferreo's  method,  l)ut  the  expanded  result  being 
practically  unmanageable,  this  method  of  attack  may  well  be 
abandoned.  We  may  obtain  some  light  on  the  probable  nature 
of  the  roots  l)y  considering  the  physical  phenomena.  In  order 
that  these  may  be  real  and  periodic,  as  exiiectcnl,  it  will  be  neces- 


sary  for  one  of  the  loots  to  be  real  and  the  others  complex.  On 
this  basis,  we  may  write: 

a2  =  A+jco  (9) 

as  =  A—ja) 

A  fundamental  theorem  in  the  theory  of  equations  permits  us 
to  write  also: 

«l  +  «2  +  «3=-/^ 

«ia2  +  «l«3+«2«3  =  7  (10) 

«1  «2"3=  —O 

which  applied  to  the  present  case  establishes  the  relations: 

2A«,+A-^  +  ..^  =  ^^^±^^^^  (12) 

To  approximate  the  roots  of  (7)  we  will  resort  to  a  very  useful 
artifice  employed  by  Dr.  Fulton  Cutting^  in  connection  with 
his  excellent  treatment  of  the  transient  phenomena  in  radio 
transformer  circuits,  which  consists  essentially  in  taking  the 
ratio  of  the  equations  (12)  and  (13) 

1/        2Aai\_RR,C-\-L2-H-M  .     . 

a\   '^A^-i-coy  Ro  ^     ^ 

thus  obtaining  a  factor  in  the  left  hand  member  which  is  quite 
ignorable  in  comparison  with  unity.  This  is  particularly  per- 
missible in  the  present  case  since,  at  the  radio  frequencies  we 
are  dealing  with,  m  is  large  compared  with  the  damping.  Pro- 
ceeding with  this  we  obtain : 

-«i= — (15) 

'     RRoC+L2-H-M  ^    ^ 

and  from  the  relation  (11)  the  more  important  damping  term: 

* Ro RL2-\-RoLi  /^„>. 

~  2{RRoC-{-L2-iJiM)         2LMa  ^    ^ 

which  are  excellent  approximations.     The  general  solution  may 

be   written   in   the  form: 

2  =  .4  5-"''+c^'(5.>'+C=-^'"')  (17) 

-Fulton  Cutting,  Proceedings  of  The  Institute  of  Radio  Engineers, 
volume  4,  page  160,  1916. 
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Physically,  the  first  term  in  the  above  solution  is  of  the  nature 
of  a  transient  and  disappears  when  the  oscillations  have  reached 
their  equilibrium  state.  The  second  term  is  of  particular  in- 
terest since  it  represents  the  periodic  phenomena  under  investi- 
gation. In  order  that  the  oscillations  may  be  continuous  and 
self  sustained,  it  is  necessary  that  the  effective  damping  of  the 
circuit,  represented  by  A,  shall  be  zero.  The  satisfaction  of 
this  condition  leads  to: 

Ro _  RL2-\-RoLi  (-\q\ 

RRoC+U-iiM~      LiL2a  ^     ^ 

as  an  expression  relating  the  coefficients  of  the  circuit  and  the 
parameters  of  the  tube  for  the  condition  of  sustained  oscilla- 
tion.    This  may  be  solved  for  p  giving: 

^jA^^-RC     ^L2 LiLoa  /.^x 

^     Ro      M  ^ MRo     M{RU+RoU)  ^ 

It  is  interesting  to  note  that  when  the  plate  circuit  inductance 
L-i  is  ignored,  and  the  induction  effect  into  the  grid  circuit  being 
retained  thru  the  concept  of  a  fictitious  mutual  inductance, 
this  degenerates  into: 

P  =  ^-4  (20) 

which  is  Hazeltine's  result. 

In  most  practical  circuits,  the  term  RL-i  may  be  ignored  in 
comparison  to  RqLi  so  that  equation  (19)  may  be  simplified  to: 

p^GR       M_  ^21) 

A  graphical  representation  of  this  expression  is  shown  in 
Figure  C.  In  constructing  this  curve  the  following  circuital 
constants  were  assumed: 

L2  =  180/^h. 
C  =  0.0002  P-i. 
22  =  20  n 

i?„= 15,000  n 

The  component  curves  are  shown  by  dashed  lines,  their  dimen- 
sions being  designated.  The  hyperbola  is  identical  with  the 
result  obtained  by  Hazeltine,  while  the  straight  part  increasing 
with  M  represents  the  effect  of  the  reaction  between  the  cir- 
cuits. It  is  evident,  from  physical  considerations,  that  an 
optimum  value  of  M  exists  which  is  most  favorable  to  oscilla- 
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tion.     Differentiating  (21)  with  respect  to  .1/  and  equating  to 
zero  we  find  this  to  be: 

(22) 


M. 


opt—\RRoLiC 

If  it  is  assumed  that  this  vahie  of  M  is  selected,  and  substituted 
in  equation  (21)  we  find  that  the  minimum  p  is: 


p  =  2 


C  R 
Li  Ro 


(23) 


or  is  just  double  its  value  in  the  absence  of  circuital  reaction. 
Equation  (22)  may  be  re-written  in  terms  of  the  wave  length  as: 

'        ^—  (24) 


ii/op^=2^y/?i?o 


In  practical  sj'stems,  a  few  trial  calculations  will  show  that  the 
point  of  optimum  mutual  inductance  is  seldom  found,  the  cir- 
cuit used  in  the  above  curves  being  somewhat  of  an  ultimate 
limit.  If  the  inductance  in  the  plate  circuit  is  increased  so  as 
to  increase  the  coupling,  an  optimum  coupling  could  be  obtained 
with  higher  wave  lengths  and  higher  resistances  in  the  oscillatory 
circuit,  were  it  not  for  the  fact  that  this  brings  us  to  the  con- 
sideration of  the  inherent  capacity  of  the  plate  circuit  acting 
across  the  plate  inductance.     Under  these  conditions  the  plate 


and  grid  circuits  may  be  more  or  less  in  resonance  and  the  above 
equations  are  not  applicable.  This  does  not  decrease  in  any  way 
the  practical  value  of  (21)  since  the  reaction,  no  matter  how 
small,  is  alwaj^s  effective  in  reducing  the  tendency  toward 
oscillation. 

The  above  equations  may  be  further  utilized  in  the  stud}'  of 
the  regenerative  operation  of  the  vacuum  tube,  by  impressing 
emf.'s  of  suitable  form  upon  the  input  circuit  of  the  tube.  The 
above  roots  are  applicable  in  the  formulation  of  the  free  solution, 
the  forced  solution  being  found  in  the  usual  way.  This  investi- 
gation will  be  undertaken  in  another  paper. 

SUMMARY  OF  ADDENDUMS:  In  a  first  addendum,  the  author  shows 
a  later  method  of  measuring  directly  the  mutual  conductance  of  tubes,  which 
method  is  free  from  certain  possible  objections  of  the  earlier  procedure. 

In  a  second  addendum,  an  autodyne  oscillator  with  inductive  coupling 
between  grid  and  plate  circuits  is  analytically  considered.  The  condition 
for  sustained  oscillation  is  derived,  a  numerical  illustration  given,  and  the 
value  of  the  optimum  mutual  inductance  between  grid  and  plate  circuits  for 
oscillation  is  obtained. 
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DISCUSSION 

H.  J.  van  der  Bijl  (by  letter):  Without  entering  into  a  full 
discussion  of  Mr.  Ballantine's  paper,  I  wish  to  call  attention  to 
a  few  outstanding  points. 

The  method  he  gives  for  measuring  the  mutual  conductance 
is  very  interesting  and  obviously  allows  of  a  simple  and  rapid 
determination  of  this  important  quantity.  It  might,  however, 
be  well  to  point  out  that  the  method,  as  it  stands,  is  only  applic- 
able to  cases  in  which  the  output  impedance  of  the  tube  is  large 
compared  with  that  of  the  coil  connected  in  the  output  circuit. 
As  long  as  this  is  so,  the  alternating  current,  ip,  in  the  plate  cir- 
cuit can  (for  small  impressed  oscillations)  be  given  by  the  simple 

/A 

expression  used  by  Mr.  Ballantine,  namel}^  '■ip  =  P  ^o  where  /3  =  ~  > 

IXlQ 

the  mutual  conductance,  and  Cg  is  the  a.  c.  input  voltage.  If,  on 
the  other  hand,  the  external  impedance,  Z,  into  which  the  tube 
works  is  not  negligibly  small,  the  current  is  given  by 


^     Ro+Z 
which  follows  directly  from  the  amplification  equations  I  gave 
in  my  paper  cited.     (/^  as  used  here  is  the  same  as  i^o  in  niy 
equations.)     This  then  gives 

Ro^e_g_Z 

IX  ip  /A 

D 

where  —^  is  the  inverse  slope  of  the  static  characteristic  and 

—  the  inverse  slope  of  the  dvnamic  characteristic,  or  writing  p 

ip 

for  the  true  nuitual  conductance  of  the  tube  and  p'  for  that  of 

the  tube  and  circuit: 

p      p'      tx. 

Mr.  Ballantine  does  not  state  the  impedance  of  the  coil 
used  in  his  experiments,  but  it  was  undoubtedly  small  in  com- 
parison with  that  of  the  tube  which,  at  the  voltages  used,  had 
a  rather  high  impedance.  The  second  term  of  the  above 
equation  can,  however,  become  very  disturbing  when  using  low 
impedance  tubes,  and  tubes  having  an  impedance  of  a  few  thou- 
sand and  even  a  few  hundred  ohms  are  not  uncommon.  In  any 
case  the  external  impedance  Z  must  be  made  negligibly  small, 
otherwise   the   necessity   of   taking   it   into   consideration,    thus 

ir>2 


compelling  the  use  of  the  above  equation,  instead  of  the  simple 

one  given  bj^  Mr.   Ballantine,   destroys  the  usefulness  of  his 

method  which  aims  at  being  quick  and  simple. 

This    consideration    shows    that    the    mutual    conductance 

depends  on  the  constants  of  the  circuit  in  which  the  tube  is 

H- 
operated,  having  a  limiting  value,    ~>   which  obtains  when  the 

Ko 

tube  works  into  a  negligibly  small  impedance,  and  which  can  be 
characterized  as  the  mutual  conductance  of  the  tube  itself. 
The  reason  for  this  becomes  readily  apparent  when  considering 
that  the  external  impedance  tends  to  straighten  out  the  charac- 
teristic. Even  if  the  external  impedance  were  a  pure  reactance, 
the  dynamic  characteristic  would  tend  to  straighten  out  and  have 
a  smaller  slope  than  the  static  characteristic  which  would  not  be 
affected  by  the  reactance.  If,  for  example,  the  current  be  in- 
creased bj^  increasing  the  grid  potential,  the  voltage  between 
filament  and  plate  decreases,  due  to  the  increased  voltage  drop 
in  the  coil.  In  other  words,  both  Eg  and  Ep  in  the  characteristic 
equation  are  variables,  Ep  being  always  180°  out  of  phase  with 
Eg.  Mr.  Ballantine's  method  could,  of  course,  be  used  as  it 
stands  to  determine  the  particular  value  the  mutual  conductance 
would  have  in  any  particular  circuit,  (say  the  circuit  in  which  the 
tube  is  to  be  operated  in  practice)  by  choosing  an  impedance  in 
the  test  circuit  equal  to  that  to  be  used  in  practice.  This  would, 
however,  not  be  so  simple  as  computing  the  mutual  conductance 
of  the  tube  itself  from  /x  and  Rg  and  then  determining  its  value 
for  any  circuit  with  the  help  of  the  above  equation.  I  think 
that  a  determination  of  jx  and  Rg  is  more  important  because  a 
direct  determination  of  the  mutual  conductance  tells  nothing 
about  fi  or  R^,  the  values  of  which  must  be  known  in  order  to 
determine  the  operating  range  of  the  tube,  the  impedance  to  be 
used  in  the  output,  and  so  on.  On  the  other  hand,  a  separate 
determination  of  /x  and  R„  allows  the  computation  of  the  mutual 
conductaiH'"  for  any  type  of  circuit.  It  is  very  important  to 
distinguish  between  the  static  characteristic  of  the  tube,  which 
is  governed  by  the  fundamental  characteristic  equation,  and  the 
dynamic  characteristic  of  the  tube  and  circuit,  which  is  gov- 
erned by  the  amplification  equations  I  gave  in  my  paper  in 
this  issue  of  the  Proceedings  of  The  Institute  of  Radio 
Engineers. 

The  other  impoitant  point  is  the  limits  of  operation  of  the 
tube.  For  example,  refeiiing  to  Figui"e  0  of  his  jiaper.  which 
giv(>s   the   amiilification    constant    fj.   as   a    t'unctioii    of   the   grid 


voltage,  Mr.  Ballantine  states  that  "The  saUent  feature  of  these 
curves  lies  in  the  fact  that  the  amplification  factor  is  not  constant, 
as  has  been  intimated  from  measurements  with  direct  currents, 
by  Dr.  van  der  Bijl,  but  depends  greatly  upon  the  grid  potential 
in  the  region  in  which  operation  takes  place."  The  amplifica- 
tion constant  is  a  function  only  of  the  geometry  of  the  tube,  and 
must  therefore  be  constant.  AVhen  it  is  measured  by  the  dy- 
namic null  method  it  will  be  found  to  be  constant  provided  the 
tube  is  operated  within  the  limits  that  I  specified.  These  limits 
apply  only  to  the  grid  voltage.  (The  equations  are  not  by  any 
means  limited  to  small  plate  current.)  As  soon  as  the  grid  be- 
comes sufficiently  positive  to  take  current  the  effective  grid  volt- 
age is  reduced,  and  unless  this  reduction  is  taken  into  considera- 
tion /A  will  come  out  too  small,  as  can  easily  be  seen  Ijy  considering 
the  circuit  for  the  dynamic  measurement  of  /x.  It  is  obvious  that 
this  effect  increases  as  the  plate  voltage  is  decreased  because  a 
larger  plate  voltage  would  have  a  greater  influence  in  pulling  the 
electrons  thru  the  grid. 

For  negative  values  of  the  grid  potential  the  limitation  is 

E 
imposed  mainlv  l)v   -^-    and  will  l)e  more  effective  the  lower  the 

value  of -E"^,.  These  considerations,  I  think,  explain  the  variation 
in  fji  with  grid  potential  observed  bj'  Mr.  Ballantine.  The  tube 
with  which  he  obtained  his  curves  has  a  very  small  operating 
range  of  grid  voltage  which,  of  course,  depends  on  the  plate  volt- 
age used.  In  a  tube  of  these  general  constants  the  value  of  s  in 
my  characteristic  equation  becomes  an  important  quantity,  as  it 

F' 
always  is  when  —^-{-E,i  becomes  small.     In  fact  s  depends  to  a 

great  extent  on  the  nature  and  surface  condition  of  the  electrodes. 
If  it  is  positive  the  /x,  £'^-curve  will  drop  more  readily  for  positive 
values  of  the  grid  potential,  and  if  negative  the  effect  will  be  on 
the  negative  side.  I  have  obtained  curves  like  these  with  a 
Western  Electric  Company  tube  of  the  telephone  repeater  type 
and  found  that  with  150  volts  on  the  plate,  /a  which  had  a  value 
of  5.0  remained  constant  to  within  10  per  cent  over  a  range  of 
grid  voltage  from  —20  to  +20.  This  is  because  this  type  of  tube 
has  a  greater  operating  range  and  is,  therefore,  not  so  easily 
overtaxed. 
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L.  A.  Hazeltine*:  1.  Mutual  Conductance.  The  writer 
wishes  to  congratulate  Mr.  Ballantine  on  the  clever  arrange- 
ment (Figure  2)  that  he  has  devised  for  directly  measuring 
the  mutual  conductance  of  an  amplifier  bulb.  This  method 
readily  gives  the  mutual  conductance  for  any  combination  of 
direct-current  adjustment  (grid  potential,  plate  potential  and 
heating  current),  as  shown  by  Mr.  Ballantine's  curves.  It  may 
be  noted,  however,  that  mutual  conductance  in  general  depends 
also  on  certain  conditions  of  the  alternating-current  circuits,  as 
follows : 

(a)  On  the  frequency.  It  is  conceivable  that  the  mutual  con- 
ductance obtained  bj-  a  dynamic  method  might  differ  from  the 
slope  of  the  static  characteristic  curve  obtained  with  direct  cur- 
rent; and  it  is  also  conceivable  that  values  at  radio  frequency 
might  differ  from  those  at  audio  frequency.  While  differences 
undoubtedly  occur  between  the  static  and  dynamic  characteristics 
in  bulbs  showing  positive  ionization,  no  such  frequency  effects 
are  to  be  expected  in  high-vacuum  l)ulbs,  nor  have  any  been 
found,  so  far  as  the  writer  is  aware.  If  desired,  however,  Mr. 
Ballantine's  method  may  readily  be  extended  to  radio  frequen- 
cies by  substituting  for  the  simple  buzzer  a  buzzer-excited  oscil- 
lating source  and  for  the  audio-frequency  balancing  transformer 
a .  radio-frequency  transformer  together  with  a  detector.  The 
method  may  also  be  extended  to  direct-current  operation  by 
substituting  two  resistances  and  a  galvanometer  for  the  balancing 
transformer  and  telephone;  but  some  modifications  are  neces- 
sary on  account  of  the  normal  direct  current  of  the  plate. 

(b)  On  the  amplitude  of  oscillation.  With  a  low  impressed 
alternating  voltage,  the  variations  of  the  grid  voltage  and  plate 
current  will  be  over  such  a  short  arc  of  the  characteristic  curve 
that  this  virtually  coincides  with  its  tangent.  The  slope  of  the 
latter  therefore  represents  the  mutual  conductance  for  small 
amplitudes  of  oscillation.  For  higher  impressed  voltages  the 
curvature  of  the  characteristic  will  become  api)reciable,  and  the 
mutual  conductance  will  then  be  rather  crudely  represented  by 
the  slope  of  the  secant  line  connecting  the  extreme  points  of  the 
oscillation^  If  Mr.  Ballantine's  method  is  to  be  used  for  large 
amplitude  of  oscillation,  the  effect  of  wave  distortion  must  be 

*Revised  and  amplified  from  the  oral  di.'^cussion  at  the  Institute  meetinfi, 
New  York,  December  11,  191S.     Received  by  the  Editor,  .January  9,  1919. 

^For  the  exact  definition  of  the  mutual  conductance  with  large  amplitudes 
of  oscillation,  see  the  writer's  paper,  Pkoceedixgs  of  The  Institute  op 
Radio  Engineers,  volume  (i,  page  64,  foot-note. 
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eliminated,  either  by  sharplj^  tuning;  the  telephone  circuit  to  the 
suppl}^  frequency  or  by  substituting  for  it  a  sharply  tuned  vibra- 
tion galvanometer. 

(c)  On  the  presence  of  an  alternating  plate  voltage.  If  the 
plate  potential  is  varied  proportionally  to  the  grid  potential  but 
in  an  opposite  sense  (as  must  happen  in  any  use  of  the  bulb  in 
which  power  is  given  out  from  its  plate  circuit),  the  changes  in 
plate  current  will  be  smaller  than  if  the  plate  potential  remained 
fixed.  The  "effective  mutual  conductance"  (see  Article  3  of  this 
discussion)  is  therefore  lowered  by  the  presence  of  an  alternating 
plate  voltage.  Mr.  Ballantine's  method  can  be  extended  to  give 
this  effective  mutual  conductance  by  including  part  of  the  re- 
sistance R  (Figure  2)  in  the  plate  circuit. 

In  calling  attention  to  the  possible  extensions  of  Mr.  Bal- 
lantine's method,  the  writer  appreciates  that  the  low-amplitude 
value  of  mutual  conductance,  unmodified  by  the  presence  of  an 
alternating  plate  voltage,  is  the  most  fundamental  and  most 
useful  value,  and  that  the  simple  method  of  the  paper  is  far  more 
likely  to  be  of  practical  value  than  any  of  the  extensions. 

In  regard  to  the  symbol  for  mutual  conductance,  the  writer 
still  prefers  g  to  p,  considering  it  very  desirable  to  denote  quanti- 
ties of  the  same  physical  dimensions  by  the  same  symbol.  This 
has  been  found  particularly  true  for  mutual  conductance,  as  it 
often  occurs  in  formulas  similar  to  those  containing  other  con- 
ductances (for  example,  compare  equations  (26)  and  (27)  below). 
In  cases  where  more  than  one  conductance  enters  in  the  same 
equation,  different  subscripts  or  other  distinguishing  marks  may 
be  used.  The  writer  suggests  denoting  mutual  conductance  bj' 
g^  in  such  cases,  and  will  use  this  notation  in  what  follows. 

2.  Plate  Resistance.  The  term  "internal  impedance" 
is  open  to  two  objections:  (a)  the  bulb  has  two  "internal"  circuits, 
that  of  the  grid  as  well  as  that  of  the  plate;  and  (b)  the  impedance 
has  the  nature  of  a  pure  resistance,  as  is  assumed  in  all  proposed 
methods  for  measuring  it,  and  so  for  clearness'  sake  should  be 
called  a  resistance.  The  proper  term  for  this  constant  would 
seem  to  be  "plate  resistance"  and  the  appropriate  symbol  Vp. 
The  use  of  the  reciprocal,  the  plate  conductance  gp,  is  sometimes 
more  convenient. 

In  this  connection  it  might  ])e  well  to  compare  the  two 
methods  of  viewing  the  plate  circuit,  considered  as  a  source  of 
alternating-current  power.  According  to  the  first  method,  the 
alternating  plate  current  Ip  is  made  up  of  two  terms,  one  due  to 
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the  alternating  grid  voltage  E^  and  the  other  due  to  the  alter- 
nating plate  voltage  E,, : 

I„=E,g„-E,g,„  (l)^ 

where  ^,„  is  the  mutual  conductance  and  gp  is  the  plate  conduct- 
ance. Interpreting  this  equation,  we  may  say  that  the  plate 
circuit  acts  as  a  generator  whose  total  current  generated  is  Eg  g,„, 
of  which  a  part  Ep  gp  is  lost  in  a  shunt  path,  or  "leak/'  of  con- 
ductance gp.  To  lead  to  the  second  method  of  viewing  the  action, 
we  may  solve  equation  (1)  iorEp-. 

(2) 
(3) 
(4) 


(5) 

is  the  plate  resistance.  Interpreting  ecjuation  (3),  we  may  say 
that  the  plate  circuit  acts  as  a  generator  the  generated  or  internal 
voltage  of  which  is  y-Eg  and  the  internal  resistance  of  which  is  r^? 
These  two  methods  are  equivalent  and  therefore  equalty 
correct.  That  represented  by  equation  (1)  probably  corres- 
ponds most  closely  to  the  physical  action,  and  is  most  useful  in 
treating  oscillating  circuits.  That  represented  by  equation  (3) 
has  the  advantage  that  one  of  the  constants  (/a)  is  nearly  inde- 
pendent of  the  direct-current  adjustments  of  the  bull),  and  is 
most  useful  in  treating  amplifiers  and  detectors. 

3.  Use  of  "Effective  Mutual  Conductance."  In 
many  calculations  of  thermionic  oscillators  it  is  found  convenient 

'^ This  equation  was  given  by  the  writer,  Proceedings  of  The  Insti- 
tute OF  Radio  Engineers,  volume  6,  page  67.  It  is  the  alternating-current 
equivalent  of  Vallauri's  equation,  which  in  corresponding  notation  is 

Equations  of  this  form  seems  to  have  been  first  emploj'ed  by  Latour,  "Elec- 
trician," (London),  December  1,  1916  (in  discussing  amplification),  and  by 
Bethenod,  "La  Lumiere  Electrique,"  December  16,  1916  (in  discussing  os- 
cillation). 

'The  equivalent  of  equation  (3),  its  derivation  and  its  interpretation, 
were  given  by  Miller,  Proceedings  of  The  Institute  of  Radio  En- 
gineers, volume  6,  page  143. 


Er>  = 

■A^Eg- 

gp 

gp' 

or 

E,= 

H-Eg-l 

p  ^p' 

where 

<jp 

is  the 

amplification 

constant 

;,  and 
1 
(Jp 

to  deal  with  a  single  constant,  rather  than  with  two  independent 
constants  (g,„  and  (jp,  or  /x  and  r^).  That  is,  the  "effective  mu- 
tual conductance"  ^,„'is  employed  instead  of  the  "normal  mutual 
conductance"  Qm,  and  is  defined  as  the  quotient  of  the  (r.m.s.) 
plate  current  Ip  by  the  (r.m.s.)  grid  voltage  Eg,  taking  into 
account  the  presence  of  such  alternating  plate  voltage  as  may 
exist  under  operating  conditions: 

Effective  mutual  f_Ip  /^n 

conductance,        ^"^  ~ Eg'  ^  ' 

Substituting  (l), 

gn/-gJi-^^'^)'  (7) 


or 

f  ( -i      n 


where 


6'm'  =  !7m(  1-   -)'  (8) 

(9) 


Ep 

'  Ea 


is  the  ratio  of  plate  voltage  to  grid  voltage  as  determined  by  the 

circuit   conditions.     The  expression    (1 )    thus  enters   as   a 

correction  factor,  which  frequently  differs  from  unity  by  a  per- 
centage less  than  the  uncertainties  in  the  values  of  ^,„  with  various 
bulbs  or  various  adjustments,  and  so  may  then  be  disregarded. 
On  the  whole,  the  effective  mutual  conductance  gj  is  of  more 
service  in  the  calculation  of  oscillating-current  circuits  than  the 
normal  value;  it  is  the  value  given  by  the  equations  for  g  in  the 
writer's  Institute  of  Radio  Engineers  paper  previousl}'  referred 
to,  some  of  which  are  included  in  Figure  2  herewith. 

It  is  interesting  to  observe  that  the  effective  mutual  conduc- 
tance g^n  foi'  any  chosen  value  of  n  may  be  determined  with  a 
single  setting  of  Dr.  Miller's  apparatus,  as  follows.  In  Figure  1 
herewith^  the  ratio  Vi/ti  is  set  at  the  desired  value  of  n,  and 
R  is  adjusted  for  a  balance.     We  then  have 

>^h^Ep/R^n^  ^     . 

^'"      E,        E,        R  ' 

Of  course,  ii  7i  is  very  small  or  very  near  /a  [which  it  cannot  ex- 
ceed according  to  (8)],  the  precision  will  be  low. 

^Figure  1  of  Dr.  Miller's  paper,  Proceedings  of  The  Institute  of 
Radio  Engineers,  volume  6,  page  144,  191S. 

168 


Certain  cases  arise  where  it  is  necessary  to  employ  the  cor- 
rection factor    (  1 —  I    of  equation  (8),  or  to  use  a  vahie  of  gj 

differing  considerably  from  g^-     Three  of  these  will  be  considered 
here. 


Figure  1 


(a)  Opti7nu77i  Mutual  Inductance.  In  Figure  2b  herewith 
(Figure  3b  of  the  writer's  paper)  the  effective  mutual  conduct- 
ance (denoted  simply  as  g),  is 

^m=^'  (11) 

so  the  normal  mutual  conductance  by  (8)  is 
Cr        ^  Cr 

(12) 


gm= 


Ml 


M(l-i.f 


(13) 


^/  \       ^ 

Considering  M  as  variable,  it  can  readily  be  shown  that  g,n  will 
be  a  minimum  (or  the  oscillation  will  be  the  strongest)  when 

L~  2 

2C  r 

Substituting  in  (12),  the  value  of  g,„  is  found  to  be   ^r,     or  just 

twice  the  effective  mutual  conductance  in  (11).  In  other  words, 
to  maintain  a  strong  oscillation  an  optimum  value  of  mutual 
inductance  occurs,  as  given  by  (13);  and  for  this  value  the  ef- 
fective mutual  conductance  has  fallen  to  one  half  the  normal 
value.^ 

*The  existence  of  an  ()])(iinuni  nmtual  inductance  was  first  l)r()Ufilit  to 
the  writer's  attention  by  Mr.  liallantino,  wlio  has  derived  an  expression  for 
its  value  differing  in  form  from  eciuation  (V^)  hut  equivalent  thereto.  (This 
is  foinid  on  page  160  of  Addendum  2  above. — Editor.) 


9  = 


f^,M^ 


M< 


7ni=CL 


(Ls  +  MJ(L^-hM) 


Figure  2 


Cr  (Cs+CJ' 
L         CCp 


(b)  Optimum  Voltage  Division.     In  Figure  2d  herewith  the 
effective  mutual  conductance  is  given  as 

CLr      ^ Cj^  _  r^,+Ep)^ 

EnE-o 


g,n  = 


L    '        n       ' 


(14) 
(15) 


This  is  a  minimum  when  7i=l;  so  it  has  sometimes  been  thought 
that  in  circuits  of  this  form  the  oscillation  is  the  strongest  when 
the  total  voltage  is  divided  equally  between  the  plate  and  the 
grid.     However,  introducing  the  correction  factor,  we  have 

Cr      (l  +  w)2 

(16) 


9r, 


w   1—  - 


which  is  a  minimum  for 


71  = 


f^  +  2 


(17) 


That  is,  the  oscillation  will  be  the  strongest  when  the  total  volt- 
age is  divided  between  the  plate  and  the  grid  in  the  ratio 
/u./(/i-(-2),  or  about  0.8  for  values  of  m  usually  found  in  detector 
bulbs.     For  this  case  the  correction  factor  becomes 


IX     fi-\-2 
which  is  usually  in  the  neighborhood  of  0.9. 


(18) 
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The  above  deduction  applies  also  to  Figure  2e  with  fair 
accuracy,  but  to  Figure  2f  only  very  roughly,  especially  when  Cg 
and  Cp  are  small  compared  with  C'  and  when  C  r/L  is  high.  Exact 
treatment  of  the  last  case  requires  the  complex  method,  for  the 
reason  that  on  account  of  the  grid  and  plate  conductances  the 
voltages  across  Cg  and  Cp  may  be  considerably  out  of  phase  with 
one  another,  contrary  to  the  assumptions  made  in  the  "loss 
method"  used  in  deriving  the  formulas  of  Figure  2.  (Both 
theoretical  and  experimental  results  show  optimum  values  of  n 
varying  over  a  considerable  range  as  the  circuit  constants  are 
varied,  and  sometimes  more  than  one  optimum  value  occurs  in 
a  given  circuit.) 

(c)  Maximum,  Output.  The  circuit  of  Figure  2a  herewith 
is  frequently  used  in  bulb  transmitters,  for  which  we  wish  to 
choose  the  circuit  constants  to  secure  the  greatest  output.  The 
effective  mutual  conductance  is  given  as 

,      CLr   .  ^^^^ 


(20) 


(21) 

Now  the  output  of  the  bulb  depends  only  on  (/,,/and  n  (as  far  as  the 
radio-frequency  circuit  is  concerned) ;  so  if  their  optimum  values 
can  be  determined  Mg  and  iVfp  can  be  at  once  computed  by  (21). 
The  writer  has  previously  indicated^  how  the  values  of  n 
and  ^„/for  greatest  output  could  be  determined  l)y  trial  from  the 
characteristic  curves  of  the  bulb.  A  more  convenient  method 
would  probably  be  by  direct  experiment,  using  any  of  the  circuits 
of  Figure  2.  Thus  if  Figuie  2c  is  employed,  we  may  insert  a 
radio-frequency  ammeter  in  the  circuit  (C,  L)  and  vary  M  and  C 
(or  M  and  r)  until  a  maximum  output  is  o1)taine(l,  varying  also 
the  direct-current  quantities  within  permissil)le  limits  to  de- 
termine their  most  desirable  adjustments.  When  tlu^  best  ar- 
rangement has  been  found,  the  d(^sired  values  arc 

</-'  =  ^'  (22) 
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""           MgMp' 

and  the  voltage  ratio  is 

evidently 

Mg 

Solving  for  Mg  and  Mp, 

and          Mp  =  ^ 

\gmn 

ICL  r  n 
V  g'm'n 

and 

4.  Detector  Constants.  The  constants  which  Mr.  Ballan- 
tine  denotes  by  D  and  o"  and  calls  variously  ''detection,"  "de- 
tecting constant,"  "detector  constant,"  "detecting  action"  and 
"detection  factor,"  are  open  to  criticism.  Neither  is  defined 
directly  in  terms  of  the  quantities  in  which  the  user  of  a  detector 
is  interested;  and — more  unfortunately  still — these  two  con- 
stants, "detection  (without  grid  condenser)"  and  "detection 
(grid  condenser),"  are  not  of  the  same  physical  dimensions  and 
so  are  not  numerically  comparable  with  one  another,  as  one 
might  have  expected.  Several  months  ago  the  writer  used  the 
term  "detector  constant"  in  a  private  report  to  represent  the 
change  in  plate  current  per  volt  square  {r.m.s.)  impressed  on  the 
grid.     This  definition  leads  to  the  following  formulas: 

1  d'-i 

Detector  constant  without  grid  condenser  =  ^  •  -; — ^,  and        (24) 

2  dcg^ 

1  di      d  e^ 
Detector  constant  with  grid  condenser  =  -  •  — ^  •  — ^  (25 ) 

2  dcg      dj^  ^^ 

dcg 

(where  small  letters  are  used,  instead  of  the  corresponding  capi- 
tals of  Mr.  Ballantine,  to  represent  the  instantaneous  currents 
and  voltages,  as  is  customary  in  alternating-current  "circuit 
eciuations).     The  former   [equation   (24)]  agrees  with  Mr.  Bal- 

lantine's  D  except  for  the  factor   -  ;  but  the  latter  [equation  (25)] 

differs  from  his  cr  not  only  by  the  factor  -'   but  also  bj^  the  factor 

di 

— 2    {i^    the    denominator.     ]\Ir.    Ballantine's    omission    of    this 

dcg 

factor  is  distinctly  in  error;  for  if  two  bulbs  are  ahke  in  all  other 

di 
respects,  that  having  the  lower  value  of  -^  will  be  a  corres- 

aeg 

pondingly  better  detector — quite  irrespective  of  any  of  the  in- 
cidental features  of  operation  which  ]\Ir.  Ballantine  mentions  in 
connection  with  the  definition  of  this  constant. 

Very  recently  the  writer  has  used  the  term  rectification  con- 
stant to  represent  the  change  in  the  grid  generated  (d.c.)  voltage 
per  volt  square  {r.7n.s.)  impressed  and  considers  this  a  more  fun- 


damental  and  more  useful  constant  than  the  above  "detector 
constant."  The  formulas  for  this  constant  without  and  with  a 
grid  or  stopping  condenser  are  respectively, 

Mutual  rectification  1     de,?'        1        dg,n         i         /^^n 

^m  =  o  •  '— ^'  =  .;. —  '  -r^ )  and        (26) 
constant,  2     di^      ^Qm      de^'  ^     ^ 

d€g 

d~  ig 

Grid  rectification  _  1     deg^  _    \        dgg 


constant,      '     2      dig      2gg     deg 
deg 


(27) 


The  theory  of  rectification  in  various  forms  of  detectors  and  meth- 
ods of  directly  measuring  the  rectification  constants  are  included 
in  a  paper  now  in  preparation. 

The  connections  of  Figure  4  for  determining  o"  are  also  open 
to  criticism,  for  they  fix  the  grid  potential  arbitrarily.  Actually 
the  potential  of  the  grid  is  fixed  by  the  grid  leak  resistance  (added 
or  inherent),  whose  value  has  a  very  marked  influence  on  the 
value  of  0-.  This  is  because  the  entire  direct  current  of  the  grid 
circuit  must  return  thru  the  leak;  so  the  operating  point  on  the 
grid  characteristic  curve  will  be  that  for  which  the  quotient  of 
grid  potential  by  grid  current  is  equal  to  the  resistance  of  the 
leak.  In  the  report  referred  to  above,  the  writer  used  connec- 
tions similar  in  principle  to  Figure  4,  but  elaborated  so  as  to 
determine  the  actual  operating  potential  of  the  grid  and  to 
measure  the  grid  conductance  at  and  near  this  potential.  This 
method  has  been  used  by  the  writer  and  by  others  with  satis- 
factory results. 

In  regard  to  the  practical  value  of  such  "detector  constants" 
or  "rectification  constants"  as  measures  of  a  bulb's  effectiveness 
in  radio  reception,  the  following  may  be  stated.  They  do  not 
tell  the  whole  story ;  for  the  bulb  affects  the  circuit  in  more  than 
one  way.  These  constants  do,  however,  give  definite  measures  of 
certain  important  features  of  the  bulb;  and,  together  with  the 
other  necessary  bulb  data,  they  permit  the  exact  calculations  of 
the  over-all  effectiveness  of  a  bulb  used  in  connection  with  anj^ 
given  radio  receiver.  The  other  independent  bulb  constants 
which  affect  its  detecting  action  are  the  amplification  constant, 
the  grid  conductance,  and  the  plate  conductance  (or  resistance). 
If,  for  example,  we  compare  the  detector  action  of  a  bulb  without 
and  with  a  stopping  condenser,  we  find  the  rectification  constant 
several  times  high(>r  in'th  the  stopping  coiuhMisei'.     On  the  other 


hand,  when  we  calculate  the  effect  of  the  high  grid  conductance 
inherent  to  operation  with  a  stopping  condenser,  we  find  that  it 
greatly  reduces  the  radio-frequency  voltage  received  by  the  grid 
and  so  maj'  more  than  compensate  for  the  better  rectification. 
This  agrees  with  practical  experience,  especially  with  grid  cir- 
cuits having  a  high  quotient  of  self-inductance  bj'  capacity;  for 
in  such  cases  the  grid  loss  may  be  several  times  all  other  radio- 
frequency  losses  put  together,  causing  a  marked  diminution  in 
impressed  grid  voltage. 

V.  Bush:  IMr.  Ballantine's  very  interesting  paper  is  of 
particular  service  in  gathering  together  and  carefully  defining  the 
various  tube  constants  which  have  been  used  by  many  writers. 
It  is  also  a  step  toward  a  consistent  accepted  nomenclature  of 
the  subject,  which  will  prove  very  necessar}'  if  we  are  to  avoid 
confusion. 

It  would  be  an  additional  help  if  ^Ir.  Ballantine  could  throw 
some  hght  upon  the  following  point:  It  seems  to  me  that  there 
should  be  certain  standard  conditions  under  which  the  constants 
of  a  tube  are  defined.  We  give  the  regulation  of  a  generator, 
for  instance,  as  the  rise  in  terminal  voltage  from  full  load  to  no 
load  under  normal  speed  and  field  excitation.  Could  we  not 
similarly  more  definitely  define  the  internal  impedance  of  a  tube 
as  the  slope  of  the  Ep,  Ip  curve  under  analogous  standard  condi- 
tions as  regards  plate  voltage,  filament  current,  and  grid  po- 
tential? Is  it  not  true  that  the  so-called  constants  of  the  tube 
reviewed  in  the  paper  are  as  yet  not  constants  at  all;  but  that 
we  must  give  their  values  by  means  of  a  large  numl^er  of  curves 
for  various  conditions  in  order  to  describe  completeh'  the  elec- 
trical operation  of  a  given  tube?  Much  of  this  is  undoubtedly 
due  to  the  versatility  of  the  three  element  tube,  so  that  many 
statements  are  needed  to  describe  its  action  completely.  Thus, 
for  instance,  we  have  no  definite  constant  as  yet  for  specifying 
output  capacit3^  It  is  to  be  hoped  however  that  as  the  art 
develops  some  definite  set  of  constants  and  curves  may  be  set- 
tled upon,  as  few  in  number  as  possible,  which  will  describe  briefly 
and  completelj"  the  electrical  behavior  of  a  given  tube  under 
any  set  of  conditions  usually  met  with  in  practice,  without  adding 
a  great  deal  of  information  which  will  not  be  needed. 

With  the  ordinary  generator  we  can  of  course  go  much  further, 
There  are  various  mechanical  constants  such  as  peripheral  speed 
the  constants  of  the  iron,  numbers  of  turns,  and  so  on;  and  when 
these  are  known  we  can  by  means  of  well  known  formulas  ex- 
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press  the  electrical  constants  in  terms  of  them.  That  is,  we  can 
design  consistently  in  order  to  obtain  a  generator  for  any  desired 
purpose.  It  is  of  course  too  early  to  hope  for  such  design  form- 
ulas for  thermionic  tubes,  for  they  are  at  present  largely  empirical. 
Mr.  Ballantine's  paper  will  assist,  however,  toward  the  time 
when  we  will  order  a  tube  for  a  given  service  in  exactly  the  same 
way  that  we  now  specify  the  behavior  of  a  generator, 

Edward  Bennett  (by  letter)*:  The  use  of  uniform  names 
and  symbols  for  the  constants  of  tri-eleetrode  amplifiers  is  a 
matter  of  such  importance  that  I  venture  to  supplement  the  com- 
pilation of  terms  and  symbols  which  the  paper  contains  by  a 
statement  of  the  nomenclature  which  has  been  found  ver}^  useful 
in  an  extended  investigation  of  amplifiers  under  conditions  in 
which  the  grid  current  cannot  be  neglected. 

This  nomenclature  is  as  follows: 

The  ratio  of  the  grid  alternating  current  to  the  grid  alternating- 
potential  (the  plate  potential  being  kept  constant)  is  called  the 
grid  conductance,  Gg.  If  A/^  and  AEg  represent  corresponding 
increments  in  the  grid  current  and  grid  potential  as  read  off 
from  the  continuous  potential  characteristics,  then 

—~   is  represented  by  Gg  (l) 

AEg 

The  ratio  of  the  plate  alternating  current  to  the  plate  alter- 
nating potential  (the  grid  potential  being  kept  constant)  is  called 
the  plate  conductance,  Gp. 

-— ^'  is  represented  by  G^,  (2) 

AEp 

The  ratio  of  the  plate  altei'nating  current  to  the  grid  alter- 
nating potential  (the  plate  potential  being  kept  constant)  is 
called  the  controUed  conductance  of  the  plate  by  the  grid,  or  briefly 
the  controlled  plate  conductance,  Gcp. 

A/ 

— — ^  is  represented  bv  Gcp  (3) 

The  ratio  of  the  grid  alternating  current  to  the  plate  alter- 
nating potential  (the  grid  potential  being  kept  constant)  is  called 
the  controlled  conductance  of  the  grid  by  the  plate,  or  briefly  the 
controlled  grid  conductance,  G^g. 

A/ 

—-_,"  is  represented  bv  Gcg  (4) 

Abjp 


*  Received  l)y  the  Editor,  Januaiy  16,  lOlfl. 
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For  the  use  of  the  term  "conductance"  in  connection  with 
the  constants  of  amphfiers  we  are  indebted  to  Professor  Hazeltine. 
The  quantity  which  in  the  above  notation  is  termed  the  controlled 
plate  conductance  is  by  Professor  Hazeltine  termed  the  mutual 
conductance.  It  seems  to  me  that  the  term  mutual  is  open  to 
objection  in  that  the  effect  is  not  a  mutual  effect  in  the  same 
sense  as  in  mutual  inductance  or  mutual  elastance. 

As  an  illustration  of  the  utilit}-  of  the  constants  defined  above, 
consider  their  application  to  the  simple  case  of  non-regenerative 
power  amplification  in  the  circuit  of  Figure  1.  In  this  figure  A 
represents  the  source  delivering  the  power  Avhich  is  to  be  ampli- 
fied. The  resistance,  R,  in  the  plate  circuit  represents  the  ele- 
ment to  which  the  amplified  power  is  to  be  delivered. 


Figure  1 


Let  E  represent  the  r.m.s.  value  of  the  alternating  voltage 
of  the  source  A  supplying  the  power  which  is  to  be  amplified. 

Assuming  for  the  moment  that  no  variation  occurs  in  the 
voltage  between  the  plate  P  and  filament  F,  the  voltage  E  of 
the  source  impressed  in  the  grid  circuit  will  cause  the  following 
currents  to  flow: 

'  p\—^cpE 

Ig   I   =GgE 

The  passage  of  the  alternating  current  of  the  value  Ip  thru 
the  resistance  R  will,  however,  cause  the  plate  voltage  to  vary 
by  the  amount, 


E, 


■Ip  R 


This  variation  of  the  plate  voltage  will  give  rise  to  the  follow- 
ing plate  and  grid  currents, 

Ip2=  {—Ip  R)Gp 

IgO^   {—Ip   RjGcg 


Whence  the  resultant  plate  and  grid  currents  are  as  follows, 

Ip\  =  Ipi-\-lp2)  ^GcpE  —  IpRGp 

or  J  _    GcpE  /  X 

^'-l+GpR  ^^^ 

h  {  =  ^gl  +  J^g2)  =GyE-Ij,RGcg 

I     ^Q  \2 

The  power  expended  in  the  resistance  is  I,,-  R  =  ( =r^  I  R 

The  power  delivered  by  the  source  A  is 


The  power  amplification  = 


Ip^  R G^-pR 


E  Ig      (1  -\-Gp  R)  {Gy -{-(jy Gp  R  —Gc ,< Gey  R) 


(7) 


The  value  which  the  resistance  R  in  the  plate  circuit  must 
have  in  order  to  lead  to  the  maximum  possible  amplification  of 
the  power  may  be  determined  by  taking  the  derivative  of  the 
amplification  with  respect  to  R,  equating  the  derivative  to  zero, 
and  solving  the  resulting  equation  for  the  value  of  R. 

The  value  of  R  for  maximum  power  amplification  is  found 
to  be, 

R,„  = = 


^  ^p   yjg 

Substituting  this  value  of  R  in  equation  (3),  the  cxpii^ssion 
for  the  maximum  amplification  is  found  to  be. 


Maximum  power  amplification  = 

(9) 


n    2 


^ll^p 


1 1  ^c  p  ^C  I 


i+x/i-?- 

^  dp 

In    most    ti'i-el(H'tr()de    devices,    the    fraction    (77^)  I/!")    ^^ 

small  in  comparison   with   unity   because   of  Ihe   small  value  of 
Gcg,  or  of  the  second  fraction  in  comparison  with  the  first. 

Under  these  conditions  the  following  approximate  expressions 
may  be  written  for  maximum  amplification. 
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R„^  should  equal  —  (8a) 

C    - 
Maximum  power  amplification  =  .^^^  (9a) 

C 
The  corresponding  voltage  amplification  =  -^         (6a) 

C 

The   maximum  voltage   amplification,   namely,   ~p>    occurs 

Gp 

only  when  the  resistance    R   is   made   infinitely  great;  in  this 

case  the  power  amplification  is  0. 

Stuart  Ballantine  (by  letter):*  Dr.  van  der  Bijl's  remarks 
relative  to  the  presence  of  inductance  in  the  plate  circuit  of  the 
vacuum  tube  under  measurement  with  its  concomitant  effect 
on  the  value  of  the  mutual  conductance  obtained,  reflect  a  popu- 
lar view  concerning  the  accuracy  of  the  method  which  is  quite 
erroneous.  It  is  true  that  the  output  circuit  does  contain  the 
winding  Po  of  the  balancing  transformer,  which,  in  the  absence 
of  the  supply  voltage,  e,  will  cause  the  current  in  this  circuit 
to  assume  another  value  and  lag  behind  the  plate  voltage  by 
a  small  angle  which  depends  upon  the  internal  resistance  of  the 
tube.  However,  it  is  to  be  noted,  that  in  the  presence  of  a  cur- 
rent in  the  winding  Px,  and  in  particular  when  a  condition  of 
balance  is  attained  (which  is  the  state  of  affairs  of  primary  in- 
terest), the  flux  in  the  core  is  reduced  to  zero  and  there  is  no 
inductive  effect  in  the  plate  circuit,  no  magnetic  circuit  loss  and 
no  serious  reaction  between  the  primary  and  secondary  circuits 
involved.  The  circuital  reactions  that  do  exist  conspire  to 
preserve  the  accuracy  of  the  method  by  their  mutual  destruction 
of  inductive  effects.  Few  ignorations  are  therefore  necessary 
and  the  values  of  P  obtained  are  representative  of  the  tube  and 
not  the  circuit. 

Looking  at  the  thing  from  another  point  of  view,  it  is  fairly 
evident  that  the  main  current  /,  flowing  thru  the  winding  Pi 
induces  an  emf.  in  the  plate  circuit  which  is  of  the  proper  phase 
to  react  upon  the  emf.  drop  due  to  the  inductance  of  the  winding, 
P'2.  When  a  perfect  balance  is  obtained,  as  indicated  by  silence 
in  the  telephones,  the  neutralization  is  complete  and  the  plate 
circuit  acts  as  tho  it  was  devoid  of  inductance.  This  may  be 
demonstrated  mathematically  from  the  circuital  solution,  but 
since  space  is  valuable,  reference  to  the  vector  diagram  of  Figure 
1  may  serve  to  illustrate  the  truth  of  these  remarks. 

*  Received  liy  the  Editor,  February  18,  1919. 
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Figure  1 


In  the  construction  of  this  diagram  no  attention  has  been 
paid  to  the  proper  representation  of  magnitudes,  the  phase 
relations  Ijeing  of  paramount  interest. 

The  impressed  forces  Ep  and  E  are  the  plate  and  supply 
voltages  respectively.  In  addition  Cp  is  the  impressed  force  in 
the  plate  circuit  on  the  assumption  that  there  is  no  reaction  from 
the  other  primary  circuit.  When  the  supply  circuit  is  connected 
without  the  emf.,  e,  the  flux  induces  therein  the  force  E'  which 
produces  the  current,  /'  and  the  flux  4>'.  This  in  turn  results 
in  the  reactive  emf.  in  the  plate  circuit,  Ep".  The  component 
due  to  this  reaction  when  combined  with  Cp  gives  the  final  result- 
ant impressed  force,  Ep.  The  circuit,  as  is  well  known,  then  acts 
as  if  its  inductance  were  reduced  and  its  resistance  increased. 
Due  to  the  connection  of  the  grid  across  the  resistance  R  in  the 
main  circuit,  the  relation  between  the  main  cui'rent  /  and  the 
plate  volt:ige  is  fixed  as  shown.  The  emf.  in  the  main  circuit 
is  E ;  the  current  produced  is  /  which  induces  the  force  Ep'  in 
the  plate  circuit.  Of  particular  interest  here  is  the  fact  that 
this  induction  is  opposed  to  the  normal  inductance  drop  in  the 
plate  circuit.  This  is  a  crude  method  of  illustrating  why  the 
objections  mentioned  by  Dr.  van  der  Bijl  tend  to  disai)pear 
when  the  condition  of  balance  and  zero  flux  is  attained.  With 
certain  connections,  and  circuit  constants,  slight  errors  due  to 
other  causes  do  exist,  as  indicated  mathematically,  ))ut  their 
magnitude    is    of   no    practical    imjiortanccv     Furth(Minore,    the 
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method  described  makes  no  pretense  at  much  precision,  and 
is  sufficiently  accurate  for  most  purposes. 

In  connection  with  the  other  point  brought  out  in  Dr.  van 
der  Bijl's  discussion,  I  cannot  agree  with  him  that  the  "amph- 
fication  constant  is  a  function  only  of  the  geometry  of  the  tube." 
It  seems  to  me  that  the  important  consideration  is  the  relation 
between  the  electronic  flow  and  the  forces  produced  by  the 
electrodes,  which  is  not  a  simple  function  of  their  spatial  relation, 
but  depends  as  has  been  clearly  demonstrated  by  Richardson, 
also  upon  the  distribution  and  congestion  of  the  particles  them- 
selves. In  constructing  the  explanation  given  in  the  paper 
to  account  for  the  falling  off  of  /^  for  positive  grid  potentials 
I  was  greatly  influenced  by  this  view.  Furthermore,  I  think 
that  a  few  trial  computations  will  indicate  that  Dr.  van  der 
Bijl's  explanation  based  entirely  upon  the  conductivity  of  the 
grid  circuit,  is  quite  fallacious.  As  a  matter  of  fact,  this  was  also 
the  first  explanation  that  occurred  to  me,  suggested  probably  by 
the  increase  in  the  effect   for  decreasing  plate  potentials.     The 
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"effective"   value   of  the  grid   potential  is.   of  course,   ^ — ^ 

Rl-\-  Rg 

instead  of  Ri  I  as  was  assimied  in  mj'  measurements.  The 
slide  wire  used  had  a  total  resistance  of  about  116  ohms;  the 
resistance  of  the  grid  circuit  was  in  no  instance  lower  than  10,000 
ohms  and  in  most  cases  was  consideraljly  above  this  (the  exact 
values  are  deducible  from  Figure  11).  After  correcting  for  the 
grid  conductance  I  was  smprised  to  find  that  the  resulting  ciu've 
was  identical  with  the  original  one  almost  within  the  normal 
width  of  the  curve  itself.  I  am  convinced,  therefore,  that  the 
effect  is  negligible  and  that  any  explanation  based  solely  upon 
its  consideration  is  inadequate  to  account  for  the  pronounced 
falling  off  of  m  observed.  I  have  but  limited  faith  in  the  expla- 
nation given  in  the  paper  to  account  for  this  effect  and  do  not 
wish  to  contend  that  this  is  the  correct  and  final  answer  to  the 
question.  It  is  frankly  crude  and  explains  only  the  falling  off 
for  small  plate  voltages;  the  variation  for  constant  plate  voltage 
and  variable  grid  potential  still  remains  imexplained.  Any 
theoiy  for  this  latter  effect  must  indeed  be  possessed  of  remark- 
able flexibility  in  order  to  account  for  some  of  the  vagaries  that 
have  been  observed. 

In  order  to  give  Dr.  van  der  Bijl's  theory  a  fair  test  I  made 
some  veiy  careful  measurements  of  fj-  with  tubes  having  cylin- 
drical electrodes.  This  type  of  constructions  gives  a  relation 
between  the  plate  current  '/p)  and  the  grid  potential  iEg)  which 
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follows  most  faithfully  the  relation  formulated  in  Dr.  van  der 
BijFs  theory.  On  account  of  this  agreement  with  the  theory, 
we  should  expect  the  amplification  factor  to  remain  constant 
as  the  theory  predicts.     The  results  are  displayed  in  Figure  2. 
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The  curves  "A"  and  "B"  were  obtained  on  tubes  with  similar 
plate  dimensions  and  with  similar  plate-filament  spaces.  In 
the  case  of  "A,"  however,  the  grid-filament  space  is  greater 
(by  0.5  millimeter  or  0.02  inch)  than  in  the  case  of  tube  "B." 
The  falling  off  of  /*  for  low  plate  voltages  is  still  noticeable  altho 
not  so  pronounced  as  the  curves  shown  in  Figure  6,  which  were 
obtained  with  a  tube  having  plane  electrodes.  The  full  family 
of  dotted  curves  is  given  for  tube  "B"  so  that  the  effect  of  plate 
voltage  may  be  indicated.  The  remaining  curves,  "C"  and 
"D"  were  taken  with  two  other  tubes  of  foreign  design,  tube 
''D"  being  of  cylindrical  form  and  tube  "C"  having  electrodes 
of  circular  form  in  unilateral  arrangement  with  respect  to  the 
filament.     All  of  these  curves  were  taken  with  the  tubes  operating 


on  a  plate  potential  of  80  volts.  The  very  pronounced  falling 
off  shown  by  curve  "D"  is  attributable  to  an  incorrect  filament 
temperature.  Raising  the  filament  temperature  caused  this 
part  of  the  curve  to  become  horizontal.  The  filaments  of  each 
of  the  four  tubes  were  made  of  tungsten  and  an  effort  was 
made  to  adjust  them  to  the  same  intrinsic  brilliancy.  The 
four  curves  show  a  mutual  tendency  to  rise  in  the  region  of 
—  2  volts  on  the  grid.  After  this  point  is  reached,  as  the  grid 
potential  is  increased,  a  sudden  fall  is  noticeable,  which  is  appar- 
ently inexplicable  and  certainly  not  due  to  grid  conductance 
since  a  sensitive  galvanometer  inserted  in  the  grid  circuit  shows 
no  evidence  of  grid  current. 

I  am  greatly  interested  in  this  matter  but  feel  that  too  much 
space  has  already  been  consumed  in  the  discussion  of  an  abstract 
question  which  is  properly  a  matter  of  pure  science;  from  an 
engineering  point  of  view,  the  variation  of  /^  is  not  important, 
particularly  in  the  positive  plane.  The  amplification  factor 
is  generally  of  minor  importance  in  the  specification  of  tube 
merit,  the  mutual  conductance  being  a  dominant  consider- 
ation. 

Professor  Hazeltine's  interest  in  the  arrangement  shown  in 
Figure  2  is  very  gratifying.  Also  his  discussion  on  the  influence 
of  the  frequency  and  amplitude  of  the  measuring  current  are 
interesting  but  I  have  found  that  in  all  but  very  extraordinary 
cases,  these  effects  are  of  secondary  importance.  With  gas 
tubes,  in  which  the  phenomenon  of  impact  ionization  is  not 
completely  negligible,  the  case  is  quite  different.  As  first  inti- 
mated by  Vallauri,^  the  hysteresis  and  viscosity  effects  then  be- 
come prominent  and  the  results  are  very  erratic.  Fortunately, 
present  day  tendencies  are  directed  away  from  the  gas  tube,  so 
that  this  does  not  become  a  matter  of  great  concern. 

The  matter  of  treating  analytically  problems  relating  to 
vacuum  tube  circuits  seems  to  resolve  itself  into  a  question 
of  individual  preference.  To  one  accustomed  to  the  use  of 
straightforward  methods  of  solution  b}^  means  of  differential 
equations  or  complex-imaginary  algebra  (in  the  case  of  forced 
solutions),  the  conceptions  of  the  coefficient  of  amplification 
and  internal  impedance  are  of  great  value.  The  method  which 
seems  to  be  preferred  by  Professor  Hazeltine  involving  an 
"effective"  mutual  conductance  possesses  the  very  important 
advantage  of  mathematical  simplicity,  yet  the  physical  reason- 


1  Vallauri,  "L'Eletroteonica,"  volume  4,  number  18,  page  335,  1917. 
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ing  which  should  parallel  any  mathematical  investigation  is 
much  more  involved  in  its  nature.  In  this  method,  the  effect 
of  the  reactive  emfs.  and  other  extraneous  emfs.  in  the  plate 
circuit  require  formulation  as  a  correction  factor  to  the  normal 
mutual  conductance  of  the  tube.  I  have  always  preferred  the 
other  method  since  it  seems  to  be  more  fundamental  and  involves 
the  parameters  of  the  tube  as  fundamental  quantities.  An 
example  of  this  mode  of  dealing  with  such  problems  is  presented 
in  the  treatment  of  the  inductively  coupled  oscillation  ciiTuit 
given  in  Addendum  2  to  the  paper. 

Professor  Hazeltine  has  remarked  that  the  two  methods 
of  treatment  give  results  which  are  identical.  His  execution 
of  the  investigation  is  formally  correct,  and  yet  the  result  he 
obtains  is  equivalent  to  that  given  in  Addendum  2,  which  is  only 
approximate.  The  necessity  for  approximation  in  my  investi- 
gation was  generated  in  the  solution  of  the  cubic.  The  extent 
of  the  error  made  is  not  serious,  but  it  is  known  to  be  present. 
In  Professor  Hazeltine's  treatment  no  approximations  are  made 
so  that  the  lack  of  rigor  becomes  apparent.  The  value  of  the 
normal  mutual  conductance  given  by  Professor  Hazeltine  is: 

which  is  ecjuivalent  to  that  given  in  the  Addendum': 

_Cj       M 

Proper  substitution  for  /^  in  (a)  transforms  it  to  (b).  In  other 
respects  Professor  Hazeltine's  deductions  are  identical  to  those 
which  I  have  made. 

The  standardizationof  vacuum  tube  nomenclature  is  a  matter 
which  is  destined  to  become  of  increasing  importance  as  this 
remarkable  device  is  developed.  I  am  inclined  to  agree  with 
the  arguments  advanced  in  Professor  Hazeltine's  discussion, 
covering  the  mutual  conductance  and  internal  impedance.  The 
symbol  /^  for  the  amplification  factor  as  given  originally  l)y  Dr. 
van  der  Bijl  seems  to  remain  satisfactory.  The  term  "internal 
impedance"  is  perhaps  a  misnomer,  and  should  bo  jiroperly 
changed  to  plate  resistance.  The  impedance  of  the  tube  at 
radio  frequencies  is  rather  complex  in  form  and  cannot  be  repre- 
sented by  a  pure  resistance  as  is  done  at  audio  frequencies,  so 
that,  as  Professor  Hazeltine  remarks,  the  resistance  s,ymbol 
is  quite  inappropriate.  The  sj^mbol  Rp  is  undoubtedly  the 
best  suggestion. 
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I  do  not  feel  competent  to  join  in  Professor  Hazeltine's 
erudite  discussion  of  the  functioning  of  the  tube  as  a  detector 
in  the  grid  condenser  connection.  I  feel  that  a  derivation  of 
the  definition  for  the  merit  of  the  tube  is  not  possible  in  the  ab- 
sence of  an  explicit  specification  of  the  constants  of  the  asso- 
ciated radio  frequency  circuit.  Even  if  this  information  was 
supplied,  the  resulting  expression  involving  these  circuital 
coefficients  would  not  be  representative  of  the  tube  itself,  but 
would  represent  the  operation  of  the  circuit  as  a  whole.  The 
criticism  of  the  definition  given  in  the  paper  for  the  detector 
constant  without  grid  condenser  is  well  founded.  The  result 
which  I  gave  is  erroneous,  altho  the  reasoning  based  upon 
Figure  3  is  perfectly  accurate  and  leads  quite  naturally  to: 

D=-^  (c) 

as  a  definition  of  the  detector  constant.  The  physical  structure 
of  the  published  definition  is  correct,  the  error  being  simply  one 
of  quantity.  This  definition  may  be  checked  by  assuming  the 
plate  current  dp)  to  be  any  function  of  the  grid  potential  (eg) 
as  follows: 

which  is  expressible  in  a  power  series  of  the  form: 

ip  =  A,+Aieg+Aoeg'    ■    ■    ■    A^eJ'  (e) 

if  the  coefficients  are  experimentally  evaluated,  this  may  be 
written  in  a  Maclaurin  expansion  as  follows: 

The  first  few  terms  are  of  interest  only,  the  indications  being 
that  the  convergence  is  complete  and  rapid  in  the  region  in  which 
we  are  particularly  interested.  The  first  term  represents  the 
normal  plate  current  at  the  point  of  operation;  the  second  term, 
which  is  proportional  to  p  may  be  regarded  as  the  amplification. 
The  third  term,  proportional  to  the  second  derivative  of  the  Ip,  Eg 
characteristic  apparently  represents  the  rectification  and  is  seen 
to  be  identical  with  (c)  above.  Succeeding  terms  may  be  com- 
bined in  similar  order  with  the  amplification  and  rectification 
terms. 

In  connection  with  the  definition  of  the  detector  constant 
with  grid  condenser,  I  do  not  believe  that  the  phenomenon 
of  detection  is  quite  so  simple  as  indicated  by  Professor  Hazel- 
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tine's  definitions.  In  constructing  the  definition  which  I  used 
in  plotting  tlie  variation  of  o"  with  tlie  grid  voltage,  my  primary 
object  was  not  to  derive  something  which  w-as  quantitatively 
compara])le  to  the  detector  constant  without  grid  condenser, 
but  to  express  something  which  was  of  some  physical  significance 
and  which  could  be  plotted  to  show  the  variation  of  the  factor 
from  one  part  of  the  characteristic  surface  to  the  other.  As 
stated  above,  an  explicit  consideration  of  the  quantitative  nature 
of  this  factor  is  not  possible  without  analyzing  the  entire  circuit 
and  an}^  expression  to  possess  the  desired  utility  must  involve 
such  factors  as  L,  C,  R,  Rg,  and  Cg.  The  magnitude  of  the 
detected  output  is  undoubtedly  proportional  to  the  extreme 
excursion  of  the  grid  potential  in  the  negative  direction  regarded 
as  an  argument,  with  the  concomitant  change  in  the  plate  cur- 
rent as  the  result,  this  latter  effect  being  proportional  to  the 
mutual  conductance.  The  grid  potential  charge  is  proportional 
to  the  rectification  in  the  grid  circuit  so  that  the  superposition 
of  these  characteristics  seems  to  be  of  definite  physical  sig- 
nificance. Professor  Hazeltine's  remarks  evidence  a  firmer 
belief  in  the  value  of  this  detecting  factor  than  I  have  expressed. 
I  have  already  elaborated  my  views  concerning  this  so  that  fur- 
ther discussion  is  not  necessary.  If  he  believes  that  the  grid 
potential  decrease  is  proportional  to  the  strength  of  the  oscillation 
and  its  decrement  and  is  not  influenced  by  the  change  in  detector 
factor  with  changing  grid  potential  I  do  not  think  that  he  has 
given  the  matter  adequate  consideration. 

Professor  Bush's  remarks  relative  to  the  desirability  of  being 
able  to  specify  the  performance  of  vacuum  tubes  briefly,  and 
without  the  use  of  a  number  of  experimental  curves,  touch  upon 
a  very  practical  matter.  It  seems  to  me  that  the  best  method 
of  informing  the  user  concerning  the  capabilities  of  the  device 
in  its  various  connections  as  detector,  amplifier,  modulator,  and 
oscillation  generator,  would  consist  in  providing  each  tu])e  with 
a  name  plate  giving  the  following  information: 
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Figure  of  Merit. .  . 
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The  factors  enumerated  are  to  be  measured  at  the  plate  and 
grid  potentials  corresponding  to  their  maximum  values  since 
these  are  of  main  interest.  This  system  would  not  only  furnish 
the  figures  of  merit  of  the  device  but  would  also  advise  the  user 
of  the  tube  at  what  part  of  the  characteristic  surface  to  operate. 
This  is  obviously  desirable  and  should  be  helpful  in  reducing  the 
amoruit  of  experimenting  necessary  to  arrange  for  the  proper 
operating  conditions. 

*  See  paper  by  Dr.  J.  R.  Carson,  Proceedings  of  The  Institute  of 
Radio  Engineers,  volume  7,  number  2,  1919. 
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A  THEORETICAL  STUDY  OF  THE  THREE-ELEMENT 
VACUUM  TUBE* 

By 

.John  R.  Carson 

(Engineering  Department,  American  Telephone  and  Telegraph 
Company,  New  York) 

The  device  with  the  theory  of  which  the  present  paper  is 
concerned  is  termed,  in  default  of  a  generally  accepted  name, 
the  three-element  vacuum  tube.  Structurally,  as  is  well  known, 
it  consists  of  an  evacuated  vessel  which  contains  a  cathode  in 
the  form  of  an  incandescent  filament;  an  anode  or  plate;  and  an 
auxiliary  or  control  electrode  which  is  usually  in  the  form  of 
a  grid.  The  extensive  literature  which  exists  concerning  this 
device,  and  which  reflects  its  scientific  and  technical  importance 
renders  superfluous  a  description  of  its  structural  details  or  a 
discussion  of  the  physics  of  its  operation,  for  a  very  complete 
account  of  which  the  reader  is  referred  to  a  recent  paper  by 
van  der  Bijl  on  the  "Thermionic  Amplifier."^ 

The  purpose  of  the  present  paper  is  two-fold ;  first,  to  develop 
simple  formulas  which  serve  as  a  satisfactory  basis  on  which 
to  construct  an  elementary  theory  of  the  operation  of  the  device 
in  its  triple  role  of  amplifier.,  modulator,  and  detector,  and  which 
indicate  the  characteristics  and  factors  on  which  its  functioning 
depends;  and  secondly,  to  develop  a  rigorous  mode  of  dealing 
with  the  device  by  aid  of  which  exact  formulas  are  deducible. 

It  will  be  understood  that  the  device  dealt  with  in  the  fol- 
lowing is  assumed  to  be  so  highly  evacuated  that  the  current 
is  transported  entirely  by  electrons  emitted  from  the  incan- 
descent cathode,  and  that  ionization  of  the  residual  gas  mole- 
cules plays  a  quite  ignorable  i)art  in  the  mechanism  of  curi-ent 
conduction. 

Secondly  it  will  be  assumed  that  the  auxiliary  electrode  or 
grid  is  at  all  times  maintained  negative  with  respect  to  the 

*  Received  by  the  Editor,  November  12,  1918. 

1  Proceedings  of  The  Institute  of  Radio  Engineers,  volume  7,  num- 
ber 2,  1919.  Thi.s  ))a]K>r  also  rontains  a  very  (;onij)lctc  di.scussion  of  the 
theory  and  operation  of  the  tube  a.s  an  amplifier. 


cathode  or  filament  by  means,  for  example,  of  suitable  "C" 
battery  in  the  input  or  grid-filament  circuit.  Wheii  this  con- 
dition obtains,  no  current  flows  in  the  input  circuit  and  the  con- 
trol is  entirely  electrostatic. 

In  the  original  circuit  connections  of  the  audion  detector, 
a  condenser  was  inserted  in  series  with  the  grid  and  this  arrange- 
ment is  rather  extensively  emploj^ed  to-day.  To  avoid  mis- 
understanding it  should  be  expresslj^  understood  that  this 
arrangement  is  7iot  considered  in  the  present  paper  which  deals 
with  a  different  mode  of  detection  which  does  not  depend  on 
current  rectification  in  the  input  circuit. 

The  phj'sical  structure  and  the  fundamental  problem  involved 
may  be  briefly  described  as  follows:  The  input  or  grid-filament 
circuit  includes  a  "C"  battery  connected  with  such  polarity  and 
of  such  value  as  to  maintain  the  grid  negative  with  respect  to 
the  filament  at  all  times,  and  in  series  therewith  a  variable  emf. 
corresponding  to  the  impressed  effect  which  it  is  the  function 
of  the  device  to  translate  into  an  amplified,  modulated,  or  de- 
tected output  as  the  case  may  be.  The  output  or  plate-filament 
circuit  includes  a  direct  current  source  of  energy  termed  the 
"B"  battery  and  in  series  therewith  an  external  or  load  im- 
pedance z  in  which  is  made  available  the  translated  output.  Cor- 
responding to  a  variation  in  the  emf.  impressed  on  the  input 
circuit  the  output  circuit  current  is  varied  in  a  manner  to  be 
investigated.  Our  problem,  in  fact,  a  solution  of  which  com- 
pletely predetermines  the  performance  of  the  device,  is  to  for- 
mulate the  variation  of  the  output  circuit  current  as  a  function 
of  the  variable  input  voltage. 

With  this  preliminary  understanding  we  proceed  to  an 
analysis  of  the  problem.  The  basis  for  this  analj'sis  is  furnished 
by  the  characteristic  equation  of  the  tube: 

I  =  cj,(E,-^h,^  (1) 

where  /  is  the  output  circuit  current;  Ec  is  the  instantaneous 
potential  difference  existing  between  the  grid  and  filament;  E^ 
is  the  instantaneous  potential  difference  between  plate  and 
filament;  and  fj-  is  van  der  Bijl's  "amplification  constant"  of 
the  device,  which  depends  for  its  value  on  the  design  of  the  tube 
and,  in  particular,  on  the  structure  and  location  of  the  grid. 
This  characteristic  equation,  while  empiric,  holds  with  great 
accuracy  over  the  operating  range  of  the  device;  for  a  full  dis- 
cussion, see  van  der  Bijl's  paper. 
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Since  we  are  concerned  not  with  the  total  output  current 
but  with  its  variation  in  response  to  a  change  in  the  input  emf. 
we  WTite: 

Ec=E,o+e  (2) 

Here  obviously  /^  may  be  identified  with  the  steady  or  nor- 
mal current  in  the  output  circuit  corresponding  to  the  steady 
emfs.  Eco  and  Ebo',  ^  is  the  variation  in  the  input  emf.  which 
is  to  be  identified  with  the  variation  in  the  grid-filament  potential 
difference  corresponding  to  the  effect  to  be  amphfied,  modulated 
or  detected;  and  J  is  the  consequent  variation  in  the  output 
current  with  which  we  are  concerned.  E^o  and  E^^^  are  to  be 
identified  with  the  effective  "C"  and  "B"  battery  voltages. 
V  is  the  variation  in  the  plate  filament  potential  difference  con- 
sequent upon  the  variation  J  of  the  plate-filament  or  output 
current.  It  obviously  depends  on  the  value  of  the  load  im- 
pedance z,  and  a  little  consideration  will  make  it  clear  that  v 
is  simply  the  potential  drop,  with  sign  reversed,  of  the  current 
J  thru  the  impedance  z.  A  clear  grasp  of  this  fact  is  essential 
to  the  following  treatment  of  the  problem. 

Substitution  of  (2)  in  (1)  and  expansion  in  a  power  series 
gives : 

-\-P,{^^e  +  l)'+         •    •  (3) 

where  Pi,  Po,     •    •    •     P„  are  the  differential  pai'ameters: 

l(  dl 


^'      l!\dEb, 

(4) 

P=W± 

'     k-!\dEb'' 

The  subscript  "o"  denotes  that  the  derivatives  arc  to  be  evaluated 
at  the  point  Ec^E^o,  Eb  =  Ebo  of  the  characteristic. 

The  necessary  conditions  that   the  expansion    (3)   shall   be 
convergent  are 

E,<o 
E,-{-'^E,>o  (5) 

18') 


where  7^  is  the  saturation  value  of  the  output  current.  It  will 
be  remarked  that  ccnditions  (5)  simply  define  the  operating 
range  of  the  tube.  The  sufficient  conditions  to  insure  conver- 
gence of  the  expansion  can  be  determined  only  when  the  func- 
tional form  of  (}>  is  specified;  it  appears,  however,  that  in  actual 
tubes  <!>  is  closely  represented  by  a  power  of  the  argument  and 
for  this  case  conditions  (5)  are  sufficient  as  well  as  necessary. 
It  may  safely  be  assumed,  therefore,  as  is  done  in  the  following 
discussion,  that  the  expansion  (5)  is  valid  over  the  operating 
range  of  the  tube. 

An  investigation  of  series  (3)  looking  to  an  explicit  formula- 
tion of  J  in  terms  of  e  requires  a  knowledge  of  v  which  in  turn 
requires  that  the  load  impedance  z  be  specified.  The  general 
case  where  z  is  unrestricted  in  form  is  examined  later;  for  the 
present  we  take  the  simple  but  illuminating  case  where  2  is  a 
pure  resistance  R.     This  at  once  leads  to  the  relation: 

v=-RJ 

the  substitution  of  which'  in  (3)  gives: 

j=P^(^f^e-RJ)  +  P2{ixe-RJ)-+     ■    ■    ■  (6) 

Equation  (6)  defines  J  as  an  implicit  function  of  e,  whereas 
we  require  its  formulation  as  an  explicit  function.  This  is 
accomplished  bj'  inversion  of  the  series  (6) ;  the  simplest  method 
is  to  assume  an  explicit  expansion  of  the  form: 

J  =  «ie  +  a2e"-  +  03e^+     •    •    •  (7) 

substitute  this  series  for  J  in  (6),  and  identify  the  unknown 
coefficient  by  direct  equation  of  like  powers  of  e. 

Proceeding  in  this  manner  we  get  the  following  values  for 
the  first  three  coefficients: 
f^  Pi 


«!  = 


(h- 


1  +  PiR 

{l+PxRY 


(8) 


a.=  ,,^P^..-2R      ^""^ 


(1+Pii?)^  {l  +  PiRf 

These  coefficients  have  a  clearer  physical  significance  if  we 
write : 

\dEhJo     Ro  /9^ 

p^^ii  d  \\      \ r: 


2!\dEbRo/o         2.'i?.2 


In  accordance  with  common  practice  R^  is  to  be  regarded  and 
defined  as  the  internal  resistance  of  the  tube  or  more  precisely 
of  the  plate-filament  circuit. 
With  this  notation : 


2!{Ro+Rf 
and 

T  ^g  1     t^-  Rn'  Ro      .     ,  -i     I  n->\ 

The  higher  order  coeflficients  as,  a.\,  .  .  .  can  be  evaluated 
without  an}'  trouble;  for  the  present,  however,  we  are  concerned 
primarily  with  the  first  two  coefficients  a  knowledge  of  which 
is  sufficient  to  construct  an  elementary  theory  of  the  operation 
of  the  device.  In  fact,  the  higher  terms  of  series  (11)  represent 
as  maj'  be  readily  shown,  departures  from  the  ideal  device  in 
any  of  its  three  functions  under  consideration,  and  satisfactory 
operation  requires  that  these  higher  terms  shall  be  small.  As  a 
first  approximation  we  are  justified,  therefore,  in  ignoring  all 
terms  of  the  series  (11)  beyond  the  second;  subsequently,  if 
necessary,  the  error  introduced  by  their  ignoration  can  be  exam- 
ined. We  therefore  proceed  to  a  discussion  of  the  operation 
of  the  device  on  the  basis  of  the  approximate  formula: 

R.  +  r'     2{Ro+Rf  ^^ 

In  dealing  with  the  problem  it  is  convenient  to  take  the  im- 
pressed emf.  c  as 

A  cos  p  t -^B  cos  qt  (13) 

If  we  are  concerned  with  amplification  the  two  components  of 
e  may  be  regarded  as  of  the  same  order  of  magnitude  and  com- 
parable frequencies;  if  modulation  is  under  consideration  B  cosqt 
may  be  regarded  as  a  carrier  wave  of  radio  frequenc}-  and 
A  cos  pt  as  a  signal  wave  of  audio  frequency;  while  as  regards 
detection  the  form  of  e  given  by  (13)  is  appropi'iate  for  a  study 
of  heterodj'ne  receiving,  in  which  case  the  two  components  are 
to  be  regarded  as  both  of  radio  frequency  with  a  frequency 
difference  within  the  audible  range. 

Substitution  of  (13)  in  (12)  and  simplification  gives: 


J= 


^\l^  A  cos pt-\-iJ-B  cos  qt> 


2AB  cos  pt  ■  cos  qt 


Ro-\-R 


1  /x2  R/  Rj  +  ^  A2  cos  2  p  t-\-^B^-  co^  2  q  t 


(14) 


which  may  be  also  written  as 
1 


p-  A  cos  p  t-\-i^B  cos  q  t 


Ro-{-R{ 
J=  /ABcos(q-p)t 

\-\-ABcos{q+p)t 
1  /i-"  Rq'  R„  /      1  1 

~  2  {Ro-\-RY'\'^2^'''^^^^^^^~^  ^B'cos  2  qt  (15) 

Formulas  (14)  and  (15)  are  fundamental  to  the  following 
elementary  discussion : 

Amplification 

In  amplification  the  fundamental  requirement  is  that  the 
output  shall  be  a  faithful  cop}"  of  the  voltage  applied  to  the 
input  circuit.  Consequently,  corresponding  to  an  applied  vol- 
tage as  given  by  (13)  the  amplified  output  is  to  be  identified 
with  the  term: 

iH-Acospt+iJ-Bcosqt}  (16) 

h  0  +  /I  {_  J 

of  formula  (14)  while  the  remainder  represents  first  order  dis- 
tortion. 

The  outstanding  deductions  from  formulas  (16)  ma}' be  stated 
as  follows: 

The  effect  of  impressing  a  voltage  e  on  the  input  circuit 
of  a  three-element  vacuum  tube  of  internal  resistance  Rq,  ampli- 
fication constant  /^  and  load  impedance  R,  is  equivalent,  to  a 
first  order  approximation,  to  inserting  a  voltage  (/^  e)  in  a  circuit 
of  resistance  Ro-\-R. 

The  available  amplified  voltage  across  the  load  resistance 

is =  e  and  the  available  output  energy  is   — —       ^H-^e\ 

Ro-\-R  \Ro-\- R)" 

The  latter  is  a  maximum  when  R  =  R^,  a  result  stated  by  van 
der  Bijl. 
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As  regards  the  first  order  distortion,  it  is  proportional  to  the 
curvature  of  the  resistance  characteristic  of  the  tube.  It  dim- 
inishes with  increasing  load  resistance  as  stated  by  van  der  Bijl; 
it  diminishes  also  with  a  decrease  of  the  amplitude  of  the  im- 
pressed emf.  The  curvature  of  the  characteristic,  while  respon- 
sible for  the  departure  of  the  device  from  ideal  requirements  as 
an  amplifier,  at  the  same  time  makes  possible  its  employment 
as  a  modulator  and  detector. 

Modulation 

In  discussing  the  phenomena  of  modulation  formulas  (14) 
and  (15)  are  applicable  as  they  stand,  but  in  this  case  B  cos  q  t 
is  to  be  regarded  as  a  carrier  wave  of  radio  frequency  and  A  cos  p  t 
as  a  signal  wave  of  audio  frequency.  Examination  of  formula 
(14)  shows  that  the  onl}^  terms  of  the  same  order  of  frequency 
as  the  carrier  wave  are: 

^^,Bcos,t-^£^l^,ABco.picos,t  (17) 

The  other  terms  may  be  disregarded  since,  owing  to  their  fre- 
quencies, they  are  suppressed  or  filtered  out  by  the  usual  tuning 
adjustment. 

Inspection  of  (17)  shows  that  the  first  term  is  an  unmodulated 
carrier  wave  of  constant  amplitude  while  the  second  is  the 
modulated  output  proper;  that  is,  a  carrier  wave  the  amplitude 
of  which  varies  in  accordance  with  the  signal  wave.  As  regards 
the  modulated  output  the  obvious  deductions  from  (17)  are  as 
follows: 

Its  amplitude  is  proportional  to  the  product  of  three  factors 


Ro-\-R 

The  modulated  output  is  therefore  proportional  to  the  curvature 
of  the  characteristic,  Rg',  and  decreases  rapidly  as  the  load  re- 
sistance is  increased.  The  presence  of  the  factor  AB  leads  to 
the  important  practical  deduction  that  the  modulated  output 
is  independent  of  the  relative  amphtudes  of  the  carrier  and 
signal  waves  provided  their  product  is  constant. 

n 

The  available  modulated  voltage  is  proportional  to  '.  .i^r  tTTs' 

V  ■'I' 0    1    ■'I  ) 

this  is  a  maximum  when  the  load  r(\sistance  is  adjusted  to  make 

R=IRo- 
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The  available  modulated  energy  is  proportional  to  p>g  5 

{ ito\tC) 

this  is  a  maximum  when  the  load  resistance  is  adjusted  to  make 
R  =  \  R„- 

o 

These  last  two  deductions  which  are  valid  also  for  detection, 
are  of  considerable  practical  importance  in  designing  the  load 
impedance  for  efficient  operation.  While  approximate  in  that 
they  are  Ijased  on  the  neglect  of  higher  terms,  it  is  believed  that 
they  are  in  substantial  agreement  with  the  facts.  In  any  case 
it  is  to  be  observed  that  the  presence  of  higher  terms  must 
operate  to  cause  a  departure  from  the  ideal  modulated  wave, 
so  that  we  are  justified  in  regarding  (17)  as  representing  the  true 
modulated  wave,  the  conditions  for  the  maxima  of  which  are 
suljstantially  as  given  above. 

Detection 

The  phenomena  of  detection  are  identical  with  those  of 
modulation,  with  the  essential  distinction  that  we  are  concerned 
with  a  different  order  of  frequencies  in  the  output;  consequently 
formulas  (14)  and  (15)  are  adapted  as  they  stand  to  investigate 
detection  by  the  heterodyne  method.  In  this  case,  however, 
A  cos  p  t  and  B  cos  qt  are  both  to  be  regarded  as  waves  of  radio 
frequency,  while  the  detected  output  is  required  to  be  within 
the  audible  range.  Consequently  discarding  the  radio  frequency 
terms  of  (15)  the  detected  wave  is  made  up  of: 

To  fix  our  ideas  let  Acospt  be  the  transmitted  wave, 
and  Bcosgt  a  locally  generated  wave;  then  the  first  term 
of     (18)     represents    the    familiar    "beat-note"    characteristic 

of   heterodyne    reception.       The    term  -B-   represents   merely 

a  steady   value   which    may  conveniently  be   lumped  with  the 
steady    current    l„   and    excluded    from    explicit    consideration. 

The  term      A-  represents  a  change  in  the  normal  plate   current 

for  the  duration  of  the  signal  and  it  alone  is  cognizable  in  the 
absence  of  the  locally  generated  wave. 

Formula  (18)  furnishes  an  immediate  answer  to  a  question 
which  has  been  discussed  at  some  length  in  the  pages  of  this 
Journal;    namelv,    the   theoretical    amplification    obtainable   by 


means  of  a  locally  generated  wave.-  To  answer  this  question 
we  observe  that  in  the  absence  of  the  locally  generated  wave,  the 

detected  effect   is    proportional  to  -A-,   while  when  a  locall}- 

generated  wave  of  amplitude  B  is  present  the  detected  current, 
assuming  A  as  small  compared  with  B,  is  proportional  to  A  B. 

.     AB      B 

The  ratio  — —  =       may  be  logically  regarded  as  measuring  the 

"heterodyne"  amplification,  and  shows  that  theoretically  it 
increases  without  limit  as  the  amplitude  of  the  local  wave  is 
increased.  Practically,  of  course,  it  is  limited  by  the  necessity 
of  keeping  within  the  operating  range  of  the  tube.  The  theoreti- 
cal law  is,  however,  in  agreement  with  the  fact  that  enormous 
amplification  is  obtainable  by  the  heterodyne  method. 

When  a  modulated  wave  is  to  be  detected  we  may  identify 
e  of  formula  (12)  with  an  expression  of  the  form: 

A  B  cos  q  t  ■  cos  p  t-\-C  cos  q  t 
where  the  last  term  is  an  unmodulated  carrier  wave  and  the  first 
is  a  wave  modulated  in  accordance  with  the  signal  wave  A  cos  p  t. 
Substituting  in  formula  (12)-  and  retaining  only  terms  of  audio 

frequency  (those  comparable  with  -^—  the  detected  output  is: 

!BC  A  cos  p  t 
-\--A''B^~cos2pt  .^gN 

4  2 

Bearing  in  mind  that  B  and  C  represent  constant  amplitudes 
of  the  carrier  waves,  the  first  term  of  (19)  is  directly  proportional 
to  the  original  modulating  signal  wave;  the  second  term  repre- 
sents a  wave  of  double  signal  frequency  while  the  last  two  terms 
of  zero  frequency  are  relatively  unimportant  and  indeed  are 
usually  eliminated,  as  for  example,  by  a  transformer.  Observe 
that  in  the  absence  of  the  unmodulated  carrier  wave  of  ampli- 
tude C,  the  detected  effect  is  of  double  frequency;  consequently 
it  is  obviously  desirable  to  make  C  large  in  order  to  preserve  the 
wave  form  of  the  signal  wave. 

The  foregoing  discussion  is  frankly  elementary  and  makes 
no  pretense  to  being  more  than  a  rough  approximation  to  the 

^ See  Proceedings  OF  The  Institute  of  Radio  Enoineehs;  volume  1, 
numt)er  3,  pages  89,  100;  volume  3,  number  2,  i);igc  1S.5;  volume  5,  nuinhcr  1, 
page  33;  volume  5,  number  2,  page  145;  volume  5,  numi)er  4,  page  247;  vol- 
ume 6,  number  5,  page  275. — -Editor. 


complicated  phenomena.  It  is  believed,  however,  that  it  fur- 
nishes a  good  working  theory  and  is  in  substantial  agreement 
with  the  phenomena  which  it  represents. 

General  Solution 

\\e  shall  now  take  up  the  more  involved  case  where  the  load 
impedance  z  is  unrestricted  in  form  and  is  mereh'  anj'  specified 
function  of  the  frequency.  To  formulate  the  solution  of  this 
general  case  we  start  afresh  with  the  series  expansion  (3),  our 
problem,  as  before,  being  to  express  J  as  an  explicit  function 
of  the  impressed  voltage  e.  To  make  the  treatment  general, 
the  applied  voltage  e  will  be  taken  as  a  series  of  component 
sinusoids  of  the  form 

^     ^\E,\-co4p,t  +  fi,) 
-^-•^  k  =  1 

which  will  be  written  in  the  exponential  form: 


1    -«^ — ^  k=n  1    .^^   ■.  k  —n 

'=\^       Er^^'^'-^-V^        ^^/-^'""'•■'  (20) 

I'^^k=n  Z'^^k  =  \ 

Here  the  bar  denotes  the  conjugate  imaginary  of  the  correspond- 
ing unbarred  symbol  and  the  entire  expression  is,  of  course,  real 
and  equivalent  to  the  cosine  summation  above. 

If  the  voltage  formulated  by  (20)  is  applied  to  a  circuit  of 
sj'mbolic  or  complex  impedance  z,  the  resultant  current  is 


c-JPkt 


Z(jpk)  2^^Zi-jpk) 

which  will  be  written  as 

The  convenience  of  this  notation  will  become  apparent  in  the 
course  of  the  argument.  Z  is,  of  course,  supposed  to  be  defined 
as  a  complex  quantity. 

Starting  with  the  expansion  (3)  let  us  set 

J=Jl-hJ2+Jz+       ■       ■      ■       +Jn+      ■       ■       •  .21) 

and  substitute  in  (3).  The  significance  of  the  series  formula- 
tion of  J  and  V  will  be(!ome  apparent  in  the  course  of  the  argu- 
ment. 

At  present  we  observe  that  the  component  terms  of  the 
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series  (21)  are  uni-estricted  except  by  the  necessity  of  satisfying 
(3)  and  the  relation  obtaining  between  J  and  v,  namely,  that  v 
is  the  potential  drop,  with  sign  reversed,  of  the  current  J  thru 
the  load  impedance  z. 

Now  let  the  components  of  the  J  and  v  series  be  determined 
to  satisfy  the  following  system  of  equations : 

Ji  =  Pi  (/^e+z'i) 

J,=  Pi  rs  +  2  P2  (/^  ei-v,)  i'2  +  P3  (m  e  +  i'i)' 


J,^F,v,  +  2l\ 


(/xe  +  yi)  v-i-\--v-:r 


(22) 


+3  Pi  (/^e  +  /;i)''2^2 


Direct  addition  by  columns  of  (22),  regard  being  had  to  the 
identities  of  (21),  shows  that  (22)  satisfies  (3)  and  is,  therefore, 
a  formal  solution.  The  law  of  formation  of  the  right  hand  side 
of  each  equation  will  be  clear;  thus  the  w*'*  equation  includes 
all  terms  of  order  e''  ?/„,-|-i  -n-k  or  all  values  of  k  and  h  from  0  to  m. 
We  have  further  to  satisfy  the  relation  obtaining  between  J 
and  v;  this  will  be  accomplished  if  we  identify  any  Vi,  with  the 
potential  drop  corresponding  to  any  component  J^. 

Now  writing  -Pi=  77   as  above,  (22)  becomes 

R,J,-v,  =  R„P,{f,e-\-v,y  (23) 

R,J,-Vs^2R,P,  (/xe  +  i>0  V2  +  RoP^  {/^e^ikY 

Bearing  in  niitul  th(;  assumed  i)hysical  significance  of  llu> 
V  scu'ies,  it  follows  at  once  that  any  equation  say  A"''  is  simply 
that  of  the  current  //,  in  a  circuit  of  impedance  R„-\-z  in  resi)()iise 
to  a  voltage  given  by  the  right  hand  side  of  the  (Hiuation.  The 
recognition  of  this  fact  furnishes  the  key  to  the  conii)lete  formal 
solution  for  J. 

To  carry  this  out  substitute  e  as  given  by  (20),  in  the  tirst 
of  (23);  then  it  follows  at  once  that 


l'J7 


If  we  write 


then ; 
and 


J 


'-~22a 


Ro-\-Zk=^k 

^k 

Ro-}-  ^k 

/^^fc,iP.^,  IN 

'^t^Ek 

-j  Pk  I 


Zk 


Zk 


Vi 


=  -l^t^o,E,e^'>--l^,^o,E,s- 


(24) 


Equations  (24)  state  that  to  a  first  order  approximation  the 
effect  of  impressing  a  voltage  e  on  the  input  circuit  of  a  tube  of 
amphfication  constant  /a,  internal  resistance  R^  and  load  imped- 
ance z,  is  equivalent  to  inserting  a  voltage  /^  e  in  a  circuit  of  im- 
pedance Ro-\-z  =  Z.  This  is  the  generalized  form  of  the  law 
already  stated  when  2;  is  a  pure  resistance  R  and  shows  that  this 
restriction  is  unnecessary.  J  is,  of  course,  to  be  identified  with 
the  amplified  output  c-urrent  of  the  ideal  amplifier. 

By  virtue  of  (24)  and  (20),  the  right  hand  side  of  the  second 
equation  of  the  system  (23)  is  known;  it  is  after  easy  simplifica- 
tion: 

(l-^',Hl-"k)E,E,e^'''"-'''"' 


^^^^^ 


^^^ 


■  .i{Ph-Pk)l 


^(1-0,^)^1-0,)  E,Ek 

-^(l-p,){l-7j,)EHEke-'""-""' 
+  (l-o,)(l-o,)^,£;,c-y(/M-p.)' 


(25) 


The  last  two  terms  of  the  double  summation  are  the  conjugate 
imaginaries  of  the  first  two,  respectively.  This  expression  may 
be  regarded  as  the  applied  emf.  which  generates  the  current  J^; 
consequently  J2  and  V2  are  given  by 

(1  — gfe)(l  — 9a-)£,  ^  ^jiPh+Pk) 

Zh  -\-k 


J2  = 


/^-  Ro  P2 


•^~~.  h  =  n  .-^  -  k  =  n 


{l-?k)il-?k)j,    ^     J 


EhEk^' 


i(rh—Pk)i 


^h-k 


_^  (l-Ofe)(l-o,)^,^^^,^  ^-j,,,+p,)t 


Zk+k 

Zh-k 


EhEk^ 


.-j{ph-pk)t 


(26) 


xy§ 


'^  +,(!-«,)  (1-0,)  j5;,£:,£^'^^*+^*» 


^.^^  _^-'/?„P.-^'="^'=")+«/--/.  (1-^)  (1-^^A.)  E,,E,t' 

(  +0,  _,  (  1  _  O,)   (  1  -  .V,)A^,^,  £  -^C>"  -  '^'■" 

(27) 

In  these  suimnations  Z/,4./.  denotes  the  complex  impedance 
of   the  circuit    R„-\-z    to    the  frequency     ^        - ;  Z;,  _;;.  denotes 

that  to  frccjuency     ''        ';   while  in  accordance  with   the  nota- 
tion adopted 

o       -     g  (i  {Vh-\-Vk)  )      _  _Zh+k 


'  *  '^'''     Ro-\-z(j  ( ph  +  Pk ) )      Ro + 2;.  +^■ 

With  ?'2  determined  by  (27)  the  right  hand  side  of  the  third 
member  of  the  system  (23)  is  known  and  consequently  the  third 
order  components  J3  and  vs  can  be  written  down.  Owing,  how- 
ever, to  the  complexity  of  the  resulting  expressions  a  more  com- 
pact notation  is  required,  and  the  following  symbolic  notation 
commends  itself  for  this  purpose.  If  we  let  a  negative  sub- 
script attached  to  any  symliol  denote  the  conjugate  imaginary 
of  the  same  symbol  with  positive  subscript  and  extend  the  sum- 
mations over  negative  as  well  as  positive  values,  we  write 

which  is  equivalent  to  (20).      In   this    same   notation  ,/i  and  i^ 
are  given  by 


l\ 


k  =  n 


=  TZ:-,;^-- 


while  Jo  and  Vo  become 

^h  =n       .^ — ^  k  =  n 


4  ^^^  h^-n  ^*— ^  k  =  -n  y^h  -\-k 

(l-^,)7i',,/?,£^""'+"*-^' 

These  last  two  e(|ua1ions  ai'c   equivalent    lo  (2(1)  :md    (27)    re- 
spectively. 
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The  right  hand  side  of  the  third  member  of  (23)  becomes: 

U,3K>    -^:-i9="       ^mr^''"'^      .^-^k=n 

8    2  2  2  (P»-2K.Pr'V,,.)(l-".)(l-"„) 

by  aid  of  which  Js  is  given  by: 

It  is  to  be  regretted  that  the  complexity  of  the  formulas  re- 
quire such  an  abbreviated  notation,  but  this  is  inherent  in  the 
nature  of  problem  and  I  know  of  no  other  system  of  symbolic 
notation  Ijy  which  the  results  can  be  written  down  in  compact 
form.  As  a  check  on  this  solution  we  can  put  the  load  impedance 
z  equal  to  a  pure  resistance  R,  in  which  case  the  general  solution 
degenerates  into  a  term  by  term  identity  with  the  series  solution 
derived  in  the  first  part  of  this  paper.  The  complexity  of  the 
general  solution  is  of  course  due  to  the  presence  of  harmonic 
frequencies  and  the  fact  that  the  load  impedance  is  a  frequency 
function  instead  of  being  a  constant. 

The  solution,  it  should  be  observed,  while  formally  correct, 
is  incomplete  without  an  investigation  of  the  convergence  of 
the  J  and  v  series,  a  I'igorous  discussion  of  which  is  beyond  the 
scope  of  this  paper.  It  can  be  shown,  however,  that  the  formal 
solution  is  a  Fourier  series,  the  coefficient  of  each  term  of  which 
is  an  infinite  convergent  series  within  the  range  of  convergence 
of  the  expansion  (3).  The  range  of  validity  of  the  formal  general 
solution  is,  therefore,  defined  by  the  region  of  convergence  of 
the  original  expansion  from  which  it  was  derived. 

September  9,  1918. 

SUMMARY:  Starting  with  a  functional  relation  between  the  plate  current 
and  the  grid  and  plate  voltages,  the  plate  current  variation  is  deduced  to  a 
sufficient  degree  of  approximation  in  terms  of  constants  of  the  tube  and  the 
grid  voltage  variation  (for  pure  resistance  in  the  output  circuit). 

The  requirements  of  amplification,  modulation,  and  detection  are  then 
deduced  from  the  equations  obtained.  Heterodyne  amplification  is  discussed, 
and  it  is  held  that  within  the  working  range  of  the  tube  this  amplification  is 
the  ratio  of  the  amplitudes  of  the  locally  and  remotely  generated  waves 
provided  the  latter  is  small  as  compared  with  the  former. 

The  general  problem  of  output  current  variation  with  an  impedance  in 
the  output  circuit  is  then  considered,  and  the  production  of  harmonic  fre- 
quencies noted. 
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RECEPTION  THRU  STATIC  AND  INTERFERENCE* 

BY 

Roy  a.  Weagant 

(Chief  Engineer,  Marconi  Wireless  Telegraph  Company  of  America, 

New  York) 

Since  the  birth  of  radio  telegraphy,  serious  difficulty  in  re- 
ception has  existed  due  to  natural  electrical  disturbances.  These 
disturbances  produce  in  the  receiving  telephones  crackling  noises 
which  drown  out  the  signal  and  are  commonly  called  static, 
atmospherics,  or  strays.  In  what  follows  the  word  "static" 
will  in  general  be  used  in  referring  to  these  disturbances,  what- 
ever their  nature  or  origin. 

As  the  distance  over  which  radio  telegraphy  was  worked 
increased,  and  it  became  necessary  to  use  increasingly  longer 
wave  lengths,  it  was  found  that  the  troubles  from  static  con- 
tinually increased  and  in  the  case  of  the  most  important  of  long 
distance  circuits,  namely  those  between  Europe  and  the  United 
States,  caused  such  great  interruptions  to  the  service  that  the 
continuity  of  communication  compared  very  poorly  with  that 
of  cable  working.  It  was  found  that  static  disturbances  were 
most  severe  in  summer  and  less  troublesome  in  winter,  also 
that  they  displayed  a  daily  variation  in  intensity,  being  at  a  min- 
imum between  sunrise  and  noon,  and  increasing  very  rapidly 
to  a  maximum  about  sunset,  from  then  on  remaining  practically 
constant  until  shortly  before  sunrise  when  the  intensity  fell  off 
very  sharply  to  a  minimum  again. 

Accumulated  experience  shows  that  these  disturbances  are 
more  severe  in  locations  near  or  in  the  tropics  than  in  those  of 
the  temperate  zone  or  frigid  zone,  and  also  that  at  any  given 
location  they  vary  from  tlay  to  day  somewhat  in  accordance  with 
the  variations  in  temperature,  being  greater  on  warm  days  and 
less  on  cool  days  as  a  rule,  altho  not  invariably  so. 

A  great  deal  of  study  has  been  made  in  attempts  to  determine 
the  nature  and  origin  of  these  distiu'l)ances  and  innumerable 
attempts  to  secure  methods  of  reducing  their  effects  at  the  re- 

*  Received  by  the  Editor,  March  4,  1919.  Presented  t)ef()re  The 
Institute  of  Radio  Engineers,  New  York,  March  5,  1919. 
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ceiving  station,  but  so  far  as  the  writer  is  aware,  no  success  of 
a  major  order  was  obtained  with  any  of  these  methods  prior 
to  the  work  which  is  about  to  be  described.  One  of  the  most 
common  of  these  previous  arrangements  known  to  the  writer 
made  use  of  a  transmitter  of  undamped  waves  and  beat  reception. 
How  far  short  of  meeting  the  situation  in  trans-Atlantic  working 
this  method  fell,  may  be  judged  from  the  fact  that  from  June  to 
October  good  reception  from  such  continuous  wave  stations  as 
Carnarvon,  Wales,  and  Nauen,  Germany,  was  usually  possible 
only  between  sunrise  and  noon,  while  during  the  rest  of  the  day 
it  varied  from  very  poor  to  totally  impossible.  An  idea  of  the 
magnitude  of  the  problem  to  be  met  can  be  gathered  from  the 
fact  that  during  these  summer  months  the  energy  collected  by 
a  receiving  aerial  from  static  is  often  many  thousands  of  times 
as  great  as  that  of  the  normal  signal  from  the  above-mentioned 
stations. 

It  is  a  well  recognized  fact  that  static  disturbances  are  of 
different  sorts  which  are  apparently  due  to  a  variety  of  causes, 
and  of  these  different  varieties  those  due  to  local  lightning  and 
snowstorms  will  be  dismissed  for  the  present  with  the  state- 
ment that  they  occur  so  infrequently  as  to  be  of  negligible  conse- 
quence. There  then  remain  three  other  major  types  which  have 
been  generally  recognized  and  which  Eccles  has  classified  under 
the  names  of  "grinders,"  ''clicks,"  and  "hissing."  The  last  of 
these  types,  due  generally  to  an  actual  discharge  from  antenna 
to  earth,  produces  very  little  disturbance  and  is  not  present 
when  antennas  are  used  which  have  no  earth  connection.  Of 
the  two  remaining  types,  namely,  the  grinders  and  the  clicks, 
it  is  found  that  the  former  constitute  the  major  source  of  diffi- 
culty in  the  reception  of  trans-Atlantic  signals,  the  intensity  of 
which  is  that  of  Nauen  or  Carnarvon,  and  when  the  receiving 
station  is  located  in  the  United  States.  It  is  this  form  of  static 
which  rises  to  overwhelming  intensity  in  the  summer  months 
and  which  has  hitherto  produced  such  serious  interruption  in 
trans-Atlantic  radio  communication.  It  should  be  noted, 
however,  that  both  types  of  static  are  generally  present,  but 
that  as  the  grinders  increase  in  intensity,  in  general  the  clicks 
diminish.  As  will  develop  in  the  course  of  this  paper,  these  two 
types  of  static  are,  apparently,  of  totally  different  nature  and 
origin. 

To  make  clear  the  various  steps  in  the  developments  which 
are  to  be  described,  reference  to  certain  fundamental  facts,  which 
are  a  matter  of  common  experience  in  radio  reception,  is  neces- 
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sary,  and,  briefly,  to  various  methods  of  overcoming  static 
troubles  which  have  been  tried.  In  this  latter  respect  it  is  not 
to  be  understood  that  an  exhaustive  statement  of  all  the  various 
methods  of  solution  is  presented  nor  an  accurate  comparison  of 
their  relative  values,  but  merely  such  reference  as  is  necessary 
in  order  to  trace  the  steps  of  the  writer's  work.  It  is  also  to  be 
understood  in  what  follows  that  the  major  portion  of  the  work 
which  is  here  referred  to  has  been  with  signals  from  Europe  of 
wave  lengths  varying  between  5,000  and  15,000  meters.  Some 
work  has  also  been  done  with  shorter  wave  lengths  and  the 
results  secured  were  in  substantial  agreement  with  those  ob- 
tained in  the  range  above  mentioned,  but  this  work  has  not  been 
of  an  exhaustive  nature. 


Figure  1 


Referring  now  to  Figure  1,  there  is  outlined  a  simple  form  of 
common  receiving  system,  the  elements  of  which  need  no  de- 
scription. When  such  a  system  is  tuned  and  adjusted  to  give 
best  response  to  the  incoming  signal  it  is  found  that  the  dis- 
turbances from  static  are  also  invariably  a  maximum,  regardless 
of  the  frequency  to  which  the  system  is  adjusted.  A  study  of 
the  behavior  of  such  a  system  when  acted  upon  by  static  very 
clearly  brings  out  the  fact  that  the  disturliing  currents  which 
flow  therein  have  a  period  and  damping  which  is  determined  by 
the  circuit  itself;  a  fact  which  shows  that  the  disturbance  is  in 
the  nature  of  a  shock,  the  sj'stem,  when  so  shocked,  vibrating 
in  a  way  which  is  analogous  to  that  of  a  tuning  fork  struck  bj^ 
a  hammer. 

It  is  curious  to  note  the  number  of  experimenters  who,  while 
apparently    recognizing    this    principle,    immediately    attempt 
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to  secure  relief  from  static  disturbances  by  detuning  methods 
which  result-  simply  in  the  reduction  of  both  signal  and  static 
currents  in  substantially  equal  proportion,  and  consequently 
with  no  appreciable  improvement.  This  result  is  due  to  the 
fact  that  while  detuning  the  aerial  circuit  does  not  reduce  the 
intensity  of  the  static  in  the  antenna  circuit,  it  does  change  the 
frequency  of  the  currents  due  to  it;  and  the  loss  in  transfer  of 
energy  to  the  secondary  circuit,  since  the  latter  is  tuned  to  the 
frequency  of  the  incoming  signal  and  therefore  a  different  fre- 
quency from  the  detuned  antenna,  is  of  exactly  the  same  order 
as  the  loss  in  intensity  which  the  signal  currents  experienced 
when  the  antenna  circuit  was  detuned.  Another  simple  expe- 
dient which  has  been  resorted  to,  has  been  the  employment  of 
loose  couplings  between  the  antenna  circuits  and  the  secondary 
circuits,  and  this  method  does  give  some  help  when  the  difference 
in  damping  between  the  signal  currents  and  static  currents  is 
marked.  Attempts  to  make  this  difference  as  large  as  possible 
have  been  made,  involving  the  introduction  of  resistance  into 
the  antenna  and  secondary  circuits,  but  this  always  results  in 
the  reduction  of  Ijoth  signal  and  static  currents  by  a  substantially 
proportional  amount,  with  a  resulting  negligible  order  of  improve- 
ment. A  large  number  of  arrangements  with  which  it  was 
hoped  to  secure  differentiation,  and  depending  on  this  principle 
of  difference  in  damping  of  the  two  currents  involved,  have  been 
tried  but,  so  far  as  is  known  to  the  writer,  without  important 
results. 

Another  fundamentally  incorrect  method  of  attack  is  that  of 
differentially  comliining  two  circuits,  of  which  the  Fessenden 
interference  preventer  circuits  shown  in  Figure  2  are  typical. 

The  antenna  circuit  here  shown  is  split  into  two  branches, 
each  coupled  to  a  common  secondary  and  detector  circuit,  or 
these  individual  loranches  may  l^e  connected  to  two  different 
antennas.  One  of  the  branch  circuits  was  supposed  to  be  de- 
tuned slightly  with  respect  to  the  incoming  signal,  materially 
reducing  the  signal  current  in  that  l^ranch,  but  not  appreciably 
affecting  the  static  current,  which  was  assumed  to  be  a  forced 
oscillation  and  which  would  not  therefore  have  either  its  fre- 
quency or  intensity  affected  by  an  amount  of  detuning  which 
would  greatly  affect  the  signal.  The  remaining  static  currents 
would  then,  supposedly  thro  the  common  coupled  circuit  con- 
nected in  opposition,  cancel  the  static  due  to  the  other  branch, 
leaving  a  signal  current  equal  to  the  difference  between  that 
existing  in  the  two  branches.     Several  other  methods  of  adjust- 


ment  were  proposed,  among  which  was  that  of  adjusting  one 
branch  to  a  period  shghtly  below  the  incoming  signal,  and  the 
other  to  a  period  slightly  above  it.     There  are  many  fallacies 
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Common  detector  arcuif 


Figure  2 


in  this  proposal,  l)iit  it  is  sufficient  for  present  purposes  to  point 
out  the  facts  stated  in  connection  with  Figure  1,  namely,  that 
the  detuning  of  one  branch  circuit -affects  the  intensit,y  of  both 
the  signal  and  static  currents  in  the  secondary  circuit  in  the  same 
ratio,  and  the  additional  fact  that  if  one  circuit  is  tuned  to  a 
period  differing  from  that  of  the  other,  the  frequency  of  the  static 
in  the  first  named  circuit  is  different  from  that  in  the  other  cir- 
cuit, and  two  alternating  currents  of  different  frequencies  ob- 
viousl}^  cannot  neutralize  each  other,  but  on  the  contrary,  in 
order  that  such  neutralization  may  be  accomplished  it  is  neces- 
sarj^  that  the  emfs,  which  are  to  equalize  each  other  must  be  of 
the  same  fi'equency,  the  same  wave  form,  and  of  opposite  i)hase. 
Also  when  these  emfs.  are  due  to  the  flow  of  damped  oscillating 
currents,  these  currents  must  have  the  same  damping  factor. 
If  this  requirement  is  complied  with  in  the  arrangement  of 
Figure  2,  the  static  currents  will  cancel  out  but  so  also  will  the 
signal  currents.  Many  variations  of  the  arrangement  of  Figure 
2  have  been  tried,  including  some  in  which  the  diffci-cntialion 
is  attempted  in  the  audio  frequency  instead  of  \\\c  I'adio  fi-c- 
ciuency  circuits,  but  if  any  of  them  have  seemed  to  work,  the 
result  secured  has  been  entirely  du(^  to  the  looseness  of  coupling 
involved. 


Other  investigators  have  attempted  to  secure  rehef  from  these 
disturbances  thru  the  use  of  detectors  of  different  characteris- 
tics, differentially  connected,  as  in  the  balanced  crystal  and 
valve  methods  of  Round,  and  in  this  way  some  appreciable 
improvement  from  the  point  of  view  of  the  operator  has  been 
effected  by  limiting  the  maximum  noise,  thus  saving  the  opera- 
tor's ear  from  the  dulling  effects  of  the  heavy  strokes  of  static 
but  not  thru  a  real  differentiation  between  the  static  and  signal 
currents.  Devices  of  this  general  class  are  sometimes  referred 
to  as  maximum  limiting  devices,  the  idea  being  that  adjust- 
ments shall  be  so  made  that  the  arrangements  are  unable  to 
respond  to  currents  of  much  greater  intensitj"  than  those  due  to 
the  signal  and  therefore  are  irresponsive  to  the  heavy  strokes  of 
static.  It  is  a  well-recognized  fact  that  a  signal  is  easily  readable 
when  static  energy  is  anything  less  than  from  three  to  six  times 
that  of  the  signal,  depending  upon  the  capability  of  the  par- 
ticular operator  who  is  receiving,  and  upon  the  quality  of  the 
note  which  the  signal  produces.  In  connection  with  the  beat 
method  of  reception  of  undamped  signal  waves,  it  is  of  interest 
to  note  that  a  useful  effect  can  be  realized  l^y  changing  the  pitch 
of  the  note  from  time  to  time,  due  to  the  fact  that  the  ear,  like 
the  eye,  grows  tired  after  awhile,  of  a  particular  rate  of  vibration, 
and  so  responds  better  when  occasional  changes  are  made. 

This  idea  of  a  maximum  limit,  as  usually  stated,  and  so  far 
as  an  implied  change  of  ratio  of  static  to  signal  is  concerned, 
appears  to  the  writer  to  be  fallacious,  due  to  the  fact  that  while 
it  is  possible  to  construct  devices  which  will  limit  the  current 
thru  a  given  circuit  or  the  emf.  across  chosen  terminals  to  a 
definite  amount,  as  usually  practiced  the  current  limited  con- 
sists of  a  mixture  of  both  signal  and  static  energies  in  exactly 
their  original  proportions. 

In  addition  to  the  investigations  of  circuits  of  various  sorts, 
much  work  has  been  done  in  determining  the  usefulness  of 
various  sizes,  shapes,  and  types  of  aerials.  Many  have  con- 
ceived the  idea  that  relatively  low  aerials  of  the  common  types 
might  give  a  material  improvement  in  the  signal-to-static  ratio 
as  compared  to  those  of  greater  height  and  size  commonly  em- 
ployed, but  the  general  experience  does  not  confirm  this  hope 
when  the  difference  is  a  matter  of  size  only.  Differences  of 
form,  however,  have  been  found  to  be  of  appreciable  conse- 
quence and  much  work  has  been  done  with  a  large  number  of 
these  forms,  of  which  two  at  least  show  important  and  definite 
advantage  as  compared  with  the  usual  vertical  arrangement  as 
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regards  this  ratio.  These  two  types  are  the  closed  loop  antenna 
shown  in  Figure  3  and  the  horizontal  linear  aerial  shown  in 
Figure  4. 


Figure  3 


Among  the  early  workers  with  the  loop  w^ere  Bellini-Tosi  and 
Braun,  both  of  whom  brought  out  interesting  facts  in  connec- 
tions with  its  capabilities  in  the  matter  of  directional  working, 
but  neither  of  whom,  so  far  as  the  writer  is  aware,  have  reported 
particularly  with  respect  to  its  operation  under  static  conditions. 
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FlGURE   4 


The  advantage  of  this  type  of  antenna  was  first  brought  to  the 
writer's  attention  some  years  ago  thru  work  which  he  was  carrj^- 
ing  out  with  the  Bellini-Tosi  directional  antenna  system,  and 
which  showed  that  the  closed  loop  antenna  had  a  signal-to-static 
ratio  two  or  three  times  as  good  as  the  same  antenna  when 
tuned  to  earth. 

The  horizontal  linear  aerial  of  Figure  4,  which  was  first  used 
by  Mr.  Marconi,  was  used  by  the  writer  during  some  work  con- 
ducted in  the  spring  of  1914  at  the  New  Orleans  station  of  the 
United  Fruit  Company,  and  gave  a  distinctly  l^etter  ratio  than 
a  large  earthed  antenna,  and  later  comparisons  with  the  loop 
showed  the  two  to  be  substantially  identical  in  this  respect. 
This  identity  of  signal-to-static  ratio  called  the  writer's  atten- 
tion to  some  other  fcuitures  of  similarity  existing  betwecMi  these 
two  types  of  aerial.  The  usually  accepted  explanation  of  the 
working  of  the  horizontal  aerial  is  that  the  wave  front  of  the 
signal  wave  is  tilted  forward  and  that  conse(|uently  there  is 
a  component  of  electric  force  in  the  direction  of  its  length.     It 
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is  to  be  noted,  however,  that  under  some  circumstances  such 
an  aerial  may  equally  well  be  acting  as  a  loop;  such  an  aerial  is 
shown  in  Figure  5  lying  on  the  surface  of  the  ground  and  it  is 
evident  that  by  virtue  of  its  capacity  to  the  true  conducting  earth, 
a  return  path  between  its  ends  exists  and  therefore  that  it  is 
a  form  of  loop;  which  method  of  consideration  will  account  for 
many  of  the  observed  facts,  such  as  its  directivity,  in  a  satis- 
factory way.     It  will  also  account  for  one  observed  fact  which 
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the  usual  methods  of  explanation  do  not  account  for,  namely, 
that  when  an  aerial  of  this  type  is  laid  on  the  ground,  or  buried 
underneath  it,  its  effectiveness  as  an  antenna  does  not  increase 
indefinitely  with  length  but  rapidly  reaches  an  optimum  value 
dependent  on  the  circumstances  obtaining.  This  can  readily 
be  accounted  for  under  the  present  hypothesis  by  the  fact  that 
as  the  length  increases  its  capacitj'  to  earth  increases  and  at 
some  point  becomes  sufficient  to  close  the  loop. 

As  this  capacity  increases,  however,  the  currents  originating 
in  the  increased  length  have  various  paths  in  which  to  flow, 
one  of  which  includes  the  receiving  apparatus,  but  others  which 
are  thru  the  capacity  to  earth  between  the  conductor  and  the 
receiving  apparatus,  and  the  larger  this  gets  the  greater  is  the 
proportion  of  the  currents  originating  in  the  ends  of  this  antenna, 
which  are  diverted  and  do  not  flow  thru  the  receiving  apparatus. 
This  method  of  considering  such  an  antenna  is  further  sup- 
ported b}'  the  fact  that  the  greater  the  capacity  per  unit  of  length 
which  exists  between  the  conductor  and  the  true  underlying 
earth,  the  shorter  is  the  maximum  length  which  can  be  used  to 
advantage.  This  capacity  is  a  maximum  of  course  when  the 
antenna  is  actually  buried  in  the  ground  or  under  water,  be- 
coming less  when  the  wire  is  run  on  the  surface  of  the  earth  and 
still  less  when  the  wire  is  suspended  at  some  height  above  the 
earth,  tests  having  shown  that  wires  suspended  some  10  feet 
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(3  m.)  above  ground  can  be  used  up  to  some  six  miles  (9.6  km.) 
in  length,  the  signal  increasing  with  length;  that  a  length  about 
one-half  of  this  is  effective  when  the  wire  is  laid  on  the  ground 
and  of  approximately  2,500  feet  (760  m.)  when  the  wire  is  placed 
under  brackish  water. 

I  have  also  found  that  as  the  distance  of  such  an  antenna 
above  ground  is  increased,  its  action  becomes  more  nearly  that 
of  an  ordinarj^  antenna,  and  that  therefore  on  account  of  its 
position  relative  to  the  incoming  signal,  it  becomes  less  effective 
in  collecting  this  signal  energy. 

While  the  two  forms  of  antennas  just  referred  to  result  in 
a  distinct  and  important  advance  over  other  types  of  antennas, 
the  improvement  in  results  secured  there  from  falls  very  greatly 
below  that  which  is  necessary  to  meet  the  conditions  of  continuous 
trans- Atlantic  reception. 

Another  method  of  attack  is  the  screen  arrangement  suggested 
by  Dieckmann  and  de  Groot  which  has  no  basis,  so  far  as  the 
writer  can  see,  for  differentiating  between  static  and  signal, 
but  must,  if  it  has  any  effect  at  all,  operate  on  both  alike. 
Furthermore,  in  attempting  to  investigate  screening  arrange- 
ments of  this  sort,  it  has  been  found  that  the  problem  of  screen- 
ing out  an  electro-magnetic  wave  of  any  sort,  either  signal  or 
static,  is  not  solved  by  the  methods  mentioned  by  them. 

One  of  the  most  important  investigations  of  static  effects 
was  that  carried  out  by  Mr.  C.  H.  Taylor,  of  the  Marconi 
Company,  in  which  the  Bellini-Tosi  direction  finder  arrange- 
ments were  used  in  an  attempt  to  find  out  in  what,  if  any, 
horizontal  direction  static  disturbances  were  propagated.  Altho 
this  work  showed  that  at  times  there  was  some  definite  evi- 
dence of  direction  of  propagation,  it  did  not  warrant  the  hope 
that  a  successful  method  of  separation  could  be  based  thereon. 
The  writer's  observations  made  at  this  time,  and  with  the  same 
installation  used  by  Mr.  Taylor,  and  with  a  similar  arrangement 
erected  at  the  Marconi  Company's  New  Brunswick  station, 
showed  that  so  far  as  the  dominant  type  of  static — namely  the 
grinders — was  concerned,  no  direction  whatever  could  be  found, 
but  on  the  contrary  there  appeared  to  be  an  equality  of  dis- 
turbances from  all  points  of  the  compass.  A  further  check  on 
this  result  was  made  at  this  time  by  rotating  a  loop,  shown  in 
Figure  6,  about  a  vertical  axis;  this  also  showed  equality  of 
average  disturbances,  regardless  of  the  direction  of  the  plane 
of  the  loop  and  led  to  the  conclusion  that  if  static  disturbances 
of  the  grinders  type  were  being  propagated  horizontally,  they 


nmst  he  moving  in  all  possible  directions;  that  is  to  saj',  one 
stroke  mioht  arrive  from  the  north,  the  next  one  from  the  east, 
a  third  from  the  west,  and  so  on,  these  occurring  at  random 
in   such  rapid  succession  as  to  give  no  opportunity  to  deter- 
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mine  their  direction.  There  appeared  to  the  writer,  however, 
another  possible  explanation  of  this  result,  which  is  that  these 
disturbances  instead  of  moving  horizontally,  might  l^e  moving 
in  a  vertical  direction,  the  source  being  under  foot  or  over- 
head. This  latter  possibility  was  of  exceptional  interest  since, 
if  it  were  correct,  the  direction  of  propagation  of  static  waves, 
assuming  of  course  that  thej^  were  waves,  would  be  at  right 
angles  to  the  direction  of  propagation  of  signals,  and  such  a 
difference  might  conceivably  be  used  to  separate  the  two. 

Steps  were  then  taken  to  determine  which  of  the  two  possible 
explanations  given  above  was  correct,  and  the  investigation 
seemed  to  establish  clearly  and  definiteh'  that  static  of  the 
grinders  type  produces  effects  similar  to  those  which  would 
be  produced  by  electro-magnetic  waves  originating  overhead 
or  under  foot  and  propagated  in  a  direction  perpendicular 
to  the  earth's  surface  at  the  point  of  observation.  This 
investigation    also    established    that    static   currents  produced 


in  loops,  the  planes  of  which  are  perpendicular,  cannot  be 
combined  to  neutralize  each  other,  which  result  can  be  explained 
by  assuming  that  the  electro-magnetic  waves  responsil)le  for 
static  currents  are  heterogeneously  polarized;  that  is,  the  axes 
of  the  oscillators  producing  them  assumed  all  possible  angles 
in  space.  To  sum  up  then,  these  results  showed  that  static  dis- 
turbances of  the  grinders  type  behaved  as  tho  due  to  heterogeneously 
polarized,  electro-magnetic  highly  damped  waves  propagated  in 
a  direction  perpendicular  to  the  earth's  surface. 

The  apparatus  and  method  used  in  this  investigation  resulted 
in  a  perfectly  practical  receiving  sj^stem  which,  while  retaining 
useful  amounts  of  signal  currents,  enormously  reduced  the  cur- 
rents due  to  static  of  the  dominant  type.  The  methods  and 
apparatus  used  in  carrying  out  these  tests  were  as  follows : 

Two  single  turn  loop  antennas  were  erected  400  feet  (122  m.) 
high  each  with  a  base  line  of  1,000  feet  (305  m.)  and  their  centers 
approximately  5,000  feet  (1,520  m.)  apart.  These  loops  were 
in  the  same  plane  and  the  line  connecting  them  was  in  a  direction 
toward  the  Carnarvon  station  of  the  English  Marconi  Company. 
This  arrangement  is  shown  schematically  in  Figure  7.     Leads 
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were  brought  from  the  loops  to  a  receiving  station  midway  be- 
tween them.  These  leads,  which  were  six  feet  (1.82  m.)  apart, 
and  in  the  same  horizontal  plane,  were  supported  by  poles  al)out 
ten  feet  (3.05  m.)  high.  The  diagram  of  conncH'lions  is  shown 
in  Figure  7. 

Connection    from    the    leads    were    made    thru    inductances 
Li,  Lo,  L:i,  and  L^  symnieti'ically  arranged  relative  to  the  coils 


Ls  and  Lt,  which  were  arranged  perpendicularly  to  each  other, 
as  shown  in  Figure  8.  The  winding  of  each  fixed  coil  L5  and 
hj  was  divided  into  two  equal  parts,  and  condensers  Ci  Cz 
inserted  between  the  halves.     Associated  with  the  two  fixed 
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coils  was  a  third  coil  Le  capable  of  rotation  on  a  vertical  axis, 
the  three  coils  constituting  the  well-known  Bellini-Tosi  gonio- 
meter. In  the  circuit  containing  Le  were  condensers  C2  and 
coupling  coil  Lg  which  was  associated  with  a  receiver  of  con- 
ventional type  with  valve  detector.  The  theory  of  the  tests 
made  with  this  arrangement  is  as  follows: 

Assmning  that  static  waves  were  traveling  perpendicularly 
to  the  earth's  surface,  then  the  electromotive  forces  generated 
in  the  two  loops  would  be  equal  in  intensity  and  of  the  same  di- 
rection at  any  instant,  and  therefore  if  the  circuits  were  properly 
timed,  the  resulting  currents  in  the  system  would  be  in  phase. 
The  emfs.  generated  by  the  signal  would,  on  the  other  hand,  be 
out  of  phase  by  an  amount  depending  on  their  distance  apart, 
and  a  maximum  if  this  distance  were  one-half  the  length  of 
the  wave  received,  since  the  signal  wave  would  arrive  at  the 
antenna  nearest  the  transmitting  station  before  it  would  arrive 
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at  the  antenna  farthest  away  from  the  transmitting  station.  In 
other  words  then,  the  static  waves  would  arrive  at  the  two  an- 
tennas at  the  same  time,  while  the  signal  waves  would  arrive 
at  the  two  antennas  at  different  times.  It  therefore  follows 
that  if,  at  the  receiving  station,  connections  and  adjustments 
were  so  made  that  the  emfs.  generated  in  the  rotating  coil  Le 
by  static  disturbances  were  equal  and  opposite,  the  emfs.  gen- 
erated by  the  signal  currents  would  not  be  equal  and  opposite, 
but  would  combine,  giving  a  resultant  depending  on  the  sep- 
aration of  the  loops.  If  this  separation  were  one-half  wave 
length  then  the  emfs.  generated  in  coil  Le  by  the  signal  currents 
from  each  loop  would  be  in  phase  and  would  therefore  be  equal 
to  the  arithmetical  sum  of  these  two  emfs.  If  the  loop  separa- 
tion were  equal  to  one-quarter  of  a  wave  length,  then  the  emfs. 
acting  on  the  coupling  coil  would  be  90  degrees  apart  and  the 
resultant  would  be  equal  to  1.4  times  that  of  the  individual 
emfs.;  that  is,  they  would  continue  in  quadrature.  If,  on  the 
other  hand,  the  hypothesis  that  static  of  the  grinders  type  ar- 
rives from  all  possible  azimuthal  angles,  and  in  a  horizontal  di- 
rection, were  correct,  then  the  static  currents  arriving  at  the 
receiving  station  from  the  two  antennas  would  be  out  of  phase 
an  amount  depending  on  the  separation  of  the  antennas  and  the 
azimuthal  angle  which  the  direction  of  their  propagation  made 
with  the  base  line  of  the  system. 

If  the  apparatus  in  the  receiving  station  were  assumed  to  be 
adjusted  in  such  a  way  that  the  signal  currents  were  combined 
vectorially  and  in  accordance  with  the  aerial  separation,  then  the 
static  currents  would  be  similarly  combined;  and  the  curve  of 
reception  of  the  system  so  adjusted  for  static  impulses  equally 
distributed  in  all  azimuthal  angles  would  be  that  of  Figure  9, 
which  is  nearly  the  same  as  that  of  a  single  loop  antenna,  and 
therefore  the  whole  system  would  show  nearly  the  same  signal- 
to-static  ratio  as  the  single  loop.  If,  on  the  other  hand,  adjust- 
ments were  so  made  that  the  phases  of  the  currents  from  one 
loop  were  shifted  a  suitable  amount  with  respect  to  the  phases 
of  the  current  in  the  other  loop,  then  the  curve  of  reception  would 
change  from  that  of  Figure  9  to  that  of  Figure  10,  which  indi- 
cates that  reception  through  one-half  of  the  azimuthal  angles 
has  been  moderately  reduced,  and  which  would  therefore  give 
rise  to  an  improvement  in  the  signal-to-static  ratio  of  the  whole 
system  as  compared  with  the  single  loop  of  the  order  of  the  de- 
crease of  the  area  included  by  the  curve  of  Figure  10.  It  will 
thus  be  seen  that  under  the  three  sets  of  conditions  specified 
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and  under  the  two  hypothesis  considered,  there  were  three  pos- 
sible results,  namely,  a  very  large  improvement  in  the  signal-to- 
static  ratio  under  the  first  hypothesis,  a  small  improvement  if 
the  second  hypothesis  were  correct,  and  the  first  method  of  ad- 
justment followed,  and  a  moderate  order  of  improvement  under 
the  second  hypothesis  and  the  second  method  of  adjustment. 
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Referring  now  to  the  arrangement  actually  used,  the  spacing 
between  the  loops  was  slightly  over  one-quarter  wave  length, 
for  a  wave  length  of  6,000  meters,  which  was  that  used  by  Nauen 
during  some  of  the  tests.     Signals  were  also  received  from  Nauen 
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at  12,000  meters,  Clifden  5,600  meters,  Carnarvon  14,000  meters, 
Eilvese  9,600  meters,  and  Glace  Bay  7,600  meters.  In  all 
cases  it  was  found  that  when  the  adjustment  of  the  circuits 
was  so  made  that  static  disturbances  of  the  grinders  type  were 
cancelled  or  reduced  to  a  minimum,  the  signal  received  from  the 
two  loops  combined,  as  might  be  expected  from  the  spacing 
between  them,  and  the  wave  length  of  the  incoming  signal. 
In  the  case  of  the  6,000-meter  signal  from  Nauen,  the  resultant 
signal  was  approximately  forty  per  cent  greater  than  that  due 
to  either  aerial  alone,  while  in  the  case  of  Carnarvon,  with  a  14,- 
000  meter  wave  length,  for  which  the  spacing  was  ecjual  to  only 
one-nineth  of  a  wave  length,  the  resultant  signal  was  materially 
less  than  that  due  to  either  loop  alone. 

Since  the  order  of  improvement  of  the  signal-to-static  ratio 
of  the  system  as  a  whole  was  very  great  as  compared  to  the 
single  loop,  and  consequently  a  given  signal  was  readable  thru 
static  disturbances  of  a  very  much  greater  order  than  was  pos- 
sible with  the  single  loop,  it  was  concluded  that  the  hypothesis 
of  an  apparent  vertical  propagation  of  static  waves  (or  an  elec- 
tric action  of  equivalent  effect)  more  nearly  expressed  the  true 
facts  than  did  that  which  assumed  a  uniform  azimuthal  distri- 
bution of  their  horizontal  direction  of  propagation. 

To  determine  the  extent  of  the  improvement  in  reception 
made  possible  l)y  this  work,  tests  were  carried  out  thru  the  worst 
summer  months,  namely,  July  and  August,  on  various  European 
stations,  and  it  was  found  possible  to  receive  the  6,000-meter 
Nauen  signal  some  five  or  six  hours  per  day  during  the  worst 
periods  when  reception  otherwise  was  totally  impossible.  Com- 
plete, continuous  reception  was  not,  however,  yet  possible,  since 
there  were  times  when,  due  to  fading,  the  strength  of  Nauen's 
signal  fell  so  low  that  it  was  no  longer  possible  to  receive  it 
Very  interesting,  and  surprising  also,  was  the  fact  discovered 
thru  the  constant  use  of  this  arrangement,  that  the  heavier  the 
static  disturbances  were,  the  more  perfect  the  balance  which 
could  be  secured,  and  the  greater  the  improvement  in  the  static- 
to-signal  ratio  which  resulted.  This  very  significant  observa- 
tin  led  to  a  careful  study  of  the  character  of  static  disturbances 
under  conditions  of  weak  and  strong  disturlxance,  and  it  was 
noted  that  invariably  the  strong  static  consisted  mostly  of  the 
grinders  type,  the  percentage  of  this  type  increasing  with  the 
increase  of  total  static  energy  and  decreasing  with  tlie  decrease 
of  the  total,  and  it  may  be  said  that  the  results  of  long  and  con- 
tinued work  since  these  first  experiments    has  established  tlie 
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facts  referred  to  definitely  and  conclusively,  the  occasional 
variations  therefrom  being  of  such  infrequent  occurrence  as  to 
be  negligible.  It  was  also  noted  at  this  time  somewhat  unex- 
pectedly, that  the  disturbances  from  a  nearby  thunderstorm 
were  at  times  quite  markedly  reduced,  the  amount  being  seem- 
ingly dependent  upon  the  position  of  the  storm  with  reference 
to  the  receiving  station.  This  improvement,  however,  was  not 
of  a  sufficient  order  to  render  reception,  thru  local  lightning, 
generally  possible. 

]\Iany  attempts  were  made  to  measure  the  improvement 
under  various  conditions  in  the  signal-static  ratio  of  this  sj'stem, 
as  compared  to  a  single  loop  thru  the  use  of  the  well-known 
audibility  method,  and  the  results  obtained  varied  from  more 
than  a  thousand  times,  under  very  severe  conditions,  down  to 
five  or  ten  times  for  very  light  static  conditions.  Now  the  audi- 
bility method  measures  the  current  in  the  telephone  circuits 
from  which  it  follows  that  the  energies  represented  bj-  two  dif- 
ferent audibility  measurements  are  proportional  to  the  square  of 
the  audibility  factor;  consequently  the  ratio  of  one  thousand-to- 
one  in  audibility  means  one-million-to-one  in  energy.  Un- 
fortunately this  method  is  a  poor  one  for  measuring  static  dis- 
turbances accurately  and  I  cannot  saj'  that  the  above  ratio  is 
accurate.  I  find,  from  continuous  use  of  this  method  of  measure- 
ment, that,  while  it  gives  reasonably  good  results  where  the  sound 
in  the  telephones  is  of  a  musical  character,  when  this  musical 
character  is  lacking  the  ear  is  unable  to  judge  relative  intensity 
accurately.  In  addition  to  this  difficulty  there  is  the  fact  that 
static  disturbances  are  of  extremely  irregular  intensity  and 
that  at  any  two  successive  instants  widely  different  energies 
may  exist.  No  other  suitable  method  being  available  at  the 
time,  it  was  decided  to  depend  on  comparisons  of  readability 
of  the  signal  resulting  from  the  use  of  the  complete  system,  as 
compared  to  the  single  loop,  and  this  method  has  been  used 
chiefly  since  that  time. 

A  new  method  of  measuring  static  intensities  has  recently 
been  developed,  which  is  the  joint  suggestion  of  Mr.  G.  H.  Clark, 
expert  radio  aid  of  the  Navj'  Department,  the  Research  De- 
partment of  the  Marconi  Company,  and  the  writer — and  which 
has  been  put  into  practical  form  by  the  Research  Department. 
It  measures  the  intensity  of  static  disturbances  in  terms  of 
the  signal  intensity  necessary  in  order  that  the  signal  may  be 
read,  and  it  is  hoped  that  a  large  number  of  measurements  made 
by  this  method  can  be  presented  in  a  later  paper. 
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Since  the  continued  operation  of  systems  of  this  type  has  so 
clearly  emphasized  the  existence  and  characteristics  of  the  two 
types  of  static  referred  to  as  grinders  and  clicks,  a  brief  reference 
to  some  of  the  distinguishing  characteristics  may  be  of  interest. 
It  is  found  that  the  grinders  type  is  most  prevalent  in  the  warm 
season,  during  warm  days,  and  between  the  hours  of  noon  and 
sunrise  the  following  morning.  The  sounds  which  they  pro- 
duce in  the  telephone  are  generally  a  sort  of  continuous  rattle, 
with  occasional  heavier  crashes.  This  type  behaves  as  tho  verti- 
cally propagated,  a^id  appears  to  affect  antennas,  separated  con- 
siderable distances,  simultaneously.  It  can  therefore  be  excluded, 
thru  the  use  of  the  system  described,  while  the  signal  is  retained. 
The  clicks,  on  the  other  hand,  which  sound  like  relatively  widely 
spaced  crashes,  are  most  noticeable  during  the  cooler  periods  of 
the  year  and  day,  but  do  not,  except  on  very  rare  occasions,  reach 
an  intensity  which  is  sufficient  to  interfere  with  the  reception  of 
signals,  the  strength  of  which  is  equal  to  the  normal  strength  of 
Carnarvon  or  Nauen,  or  even  Lyons.  When  the  signal  to  be 
received,  however,  is  of  a  lesser  order  of  strength,  such  as  that 
from  Clifden,  Ireland,  or  Eiffel  Tower,  or  when  the  signals  from 
the  previous  stations  are  abnormally  weak,  as  occurs  during 
sunset  and  sunrise  fading  periods,  the  intensity  of  this  type  of 
static  is  sufficient  at  times  to  cause  great  difficulty.  It  was 
found  also  that  this  type  of  static  could  not  at  that  time  be  suf- 
ficiently reduced,  thru  the  use  of  the  system  just  described,  to 
overcome  the  difficulty,  and  that  adjustments  which  reduced  it 
resulted  also  in  a  reduction  of  the  signal.  It  appears  probable, 
therefore,  that  this  type  of  static  follows  the  second  of  the  two 
hypothesis  previously  given,  and  that  it  is  in  fact  a  true  stray 
wandering  in  from  all  directions  in  haphazard  fashion.  How  this 
vagrant  was  successfully  dealt  with  will  appear  presently,  but 
before  getting  to  this  point,  which  involves  somewhat  different 
arrangements  than  those  shown,  a  l)iicf  reference  will  be  made  to 
certain  modifications  of  the  system  with  which  experiments  were 
conducted. 

Midway  between  the  loops  of  Figure  7  a  third  loop  of  similar 
dimensions  and  disposition  was  erected  and  used  in  conjunction 
with  either  of  the  two  loops  of  Figure  7.  This  variation  is  shown 
in  Figure  11,  and  it  is  to  be  noted  that  while  the  end  loop  has  the 
long,  horizontal  lead,  the  middle  loop  has  none,  it  being  brought 
directly  into  the  receiving  station.  It  was  with  some  interest 
that  this  arrangement  was  found  to  give  rather  better  results 
than  that  secured  with  the  loops  separated  the  maximum  distance 
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available,  and  the  improvement  was  found  to  be  in  the  perfec- 
tion of  balance,  which  was  found  to  be  sufficiently  greater  than 
that  obtained  with  the  arrangement  of  Figure  7  to  more  than 
offset  the  loss  of  signal  on  balance,  due  to  the  shorter  spacing. 
This  seemed  to  indicate,  at  first,  that  the  farther  apart  the 
loops  were  the  less  perfectly  could  the  static  currents  be  balanced 
and  the  converse.     Small  loops  of  a  large  number  of  turns  were 
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Figure  11 


then  erected  at  distances  varying  from  ten  feet  (3.05  m.)  up  to 
1,000  feet  (305  m.),  symmetrically  located  with  respect  to  the 
receiving  station,  and  in  the  same  line  with  the  big  loops.  Tests 
with  these  showed,  however,  no  more  perfect  balance  than  that 
obtainable  with  the  spacing  of  Figure  11  which  was  2,500  feet 
(760  m.),  and  it  therefore  became  evident  that  something  besides 
the  spacing  accounted  for  the  improvement  in  Figure  11  as  com- 
pared with  that  of  Figure  7.  It  would  take  too  long  to  describe 
the  very  numerous  experiments  which  were  made  in  the  attempt 
to  run  down  this  very  elusive  matter,  but  it  was  finally  dis- 
covered that  the  reason  for  the  performance  above  noted  was 
the  action  of  the  long  horizontal  leads  which,  notwithstanding 
the  fact  that  these  were  in  the  same  horizontal  plane  and  that 
the  s^'stem  had  no  earth  connection,  proved  to  be  very  effective 
aerials,  picking  up  both  signal  and  static.  It  was  found  that 
the  static  currents  generated  in  them  were  in  a  definite  direc- 
tion and  that  consequently  they  must  be  connected  to  the 
loop  in  the  same  sense,  that  is,  in  such  a  way  that  the  static 
currents  generated  in  both  the  loop  and  the  leads  tended  to  flow 
in  the  same  direction  at  any  instant,  so  that  when  balancing 
at  the  receiving  station  all  of  the  static  currents  generated  in 
each  half  of  the  system  were  similarly  affected.  Before  this  fact 
was  found  out  the  arrangement  of  Figures  7  or  11  was  so  con- 
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nected  that  when  adjustments  were  made  which  balanced  out 
the  static  currents  generated  in  the  loop,  those  generated  in 
the  leads  were  added.  The  method  of  getting  the  right  con- 
nection was  simply  to  connect  in  a  reversing  switch,  as  shown  in 
Figure  12  and  to  try  the  balance  with  the  switches  in  each  side 
of  the  system  in  the  various  possible  positions.     The  best,  of 
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course,  was  that  which  gave  the  most  perfect  balance  and  was 
very  easy  to  find.  The  results  obtained  thereafter  were  found 
to  be  better  for  the  long  than  the  short  separation  by  an  amount 
proportional  to  the  separation,  and  it  is  interesting  to  note  at 
this  point  that  in  all  subsequent  work  the  perfection  of  balance 
of  static  currents  obtainable  was  the  same,  regardless  of  the  over- 
all length  of  the  system  which,  as  will  appear  shortly,  has  been 
in  some  instances  as  much  as  six  miles  (9.6  km.),  while  the  signal 
combined  always  in  proportion  to  the  spacing. 

In  Figure  13  is  shown  an  arrangement  in  which  all  three 
antennas  were  used.     In  this  arrangement  the  two  antennas  at 
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the  ends  were  so  coupled  and  adjusted  that  the  signal  was  can- 
celled out,  leaving  most  of  the  static.  This  arrangement  has 
been  termed  the  "static  tank"  since  it  was  a  source  of  static 
currents  of  any  desired  frequency  without  being  a  source  of  signal 
current.     When  this  adjustment   was  acconipHshed  the  circuits 


connected  to  these  two  antennas  were  opened  and  the  third 
antenna  connected  in  and  tuned.  This  third  antenna  provided 
both  signal  and  static  currents  in  whatever  ratio  they  happened 
to  exist  in  this  loop.  The  next  procedure  w^as  to  connect  the 
two  other  loops  in  again  and  to  adjust  the  intensity  of  the  static 
currents  from  the  middle  antenna  until  they  were  equal  to  those 
due  to  the  two  end  loops  by  use  of  suitable  resistances,  couplings, 
and  so  on.  This  third  loop  was  connected  into  the  system  in 
such  a  way  that  the  static  currents  due  to  it  were  opposed, 
leaving  the  signal  due  to  the  third  loop.  This  arrangement 
resulted  in  a  material  improvement  in  working  over  those  previ- 
ously tried.  From  a  consideration  of  the  hypothesis  of  vertical 
propagation  of  static  waves,  it  was  not  possible  to  account  for 
this  improvement,  so  far  as  the  grinders  are  concerned,  so  that 
it  was  ultimately  concluded  that  the  improvement  might  be 
due  to  the  elimination  of  some  of  the  static  of  the  other  type. 
This  possibility  was  somewhat  supported  by  the  fact  that  it  is 
occasionally  not  possible  to  distinguish  between  the  two  types 
from  the  sounds  which  they  make  in  the  telephones  since  it 
happens  occasionally  that  those  of  one  type  have  the  charac- 
teristic sound  of  the  other.  An  analysis  of  the  action  of  this 
system  when  affected  by  horizontally  moving  static  waves, 
assumed  to  be  uniformly  distributed,  brings  out  some  most 
interesting  facts. 

Referring  now  to  Figure  13,  assume  that  the  two  aerials  there 
shown  have  a  spacing  which  is  one-half  the  wave  length  of  the 
signal  received.  Also  assume  that  a  static  wave  is  arriving  from 
the  same  direction  and  with  the  same  velocity  of  propagation, 
and  that  this  wave  is  so  highly  damped  that  no  forced  oscillation 
is  produced  in  the  aerial  but  that  the  only  oscillation  therein  has 
a  frequency  and  damping  which  is  determined  by  the  constants 
of  the  circuit.  AYhen  this  static  wave,  if  it  may  be  so  called, 
arrives  at  the  first  aerial,  an  electromotive  force  is  generated 
therein  and  currents  start  to  flow  thru  it  and  the  connected  cir- 
cuits. Current  then  begins  to  develop  at  the  terminals  of  the 
detector.  The  wave  continues  its  motion  until  it  similarly  af- 
fects the  second  loop  and  the  resulting  currents  flow  back  to  the 
receiving  apparatus.  Owing  ,however,  to  the  spacing  which  has 
been  chosen,  the  currents  from  the  first  loop  have  had  time  to 
go  thru  a  complete  half  cycle  before  that  from  the  second  ar- 
rives. Suppose  now  that  the  connections  and  position  of  the 
goniometer  coil  Le  are  such  that  the  emf.  produced  in  it  by  the 
signal  is  equal  and  opposite  and  therefore  the  signal  cancels  out. 
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Under  these  circumstances  the  results  due  to  static  will  be  as 
indicated  in  Figure  14,  in  which  the  solid  line  shows  the  damped 
oscillation  due  to  the  first  loop,  while  the  dotted  line  shows  that 
due  to  the  second  loop  when  the  method  of  connection  is  that 
just  described.     This  diagram  brings  out  the  interesting  fact 
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that  the  first  half  oscillation  arriving  from  the  first  aerial  is  un- 
opposed; that  the  first  half  oscillation  from  the  second  aerial  is 
opposed  to  the  second  half  oscillation  from  the  first  aerial  which, 
because  the  oscillations  are  damped,  is  of  smaller  amplitude 
than  the  one  opposing  it.  This  condition  obtains  thruout  the 
entire  train  so  that  the  resultant  of  the  two  oscillations  is  not  zero. 
If  now,  the  aerial  circuits  are  heavily  damped  thru  the  addi- 
tion of  resistance,  the  wave  train  due  to  static  becomes  shorter 
and  shorter,  until  when  the  hmit  is  reached,  all  of  the  energy  is 
in  the  first  half  swing.  Therefore,  under  these  conditions,  while 
the  circuits  are  so  adjusted  that  the  signal  completely  cancels 
out,  yet  the  entire  static  current  remains  and  we  have  the  curious 
condition  shown  in  Figure  15  of  the  two  half  oscillations,  both 
in  the  same  direction.  It  should  be  here  noted  that  the  first 
half  oscillation  of  the  signal  is  also  unopposed,  but  if  the  signal 
current  be  undamped  the  percentage  of  the  total  signal  energy 
which  affects  the  detector  is,  roughly,  1 /7,000th  part  of  that 
which  arrives  during  the  time  occupied  by  a  dot  at  an  ordinary 
rate  of  sending. 


If  we  assume  now  that  static  disturbances  are  uniformly  dis- 
tributed thru  all  horizontal  azimuthal  angles,  then  as  the  angle, 
with  the  direction  of  the  system  increases,  the  intensity  of  these 
pulses  decreases  in  proportion  to  the  cosine  of  the  angle;  at  the 
same  time  the  effective  phase  difference  between  the  loops  de- 
creases so  that  these  pulses  begin  to  overlap.  It  is  also  as- 
sumed that  the  intensity  of  the  oscillation  which  these  pulses 
can  give  rise  to  is  proportional  to  the  maximum  ordinate  as  a 
first  rough  approximation.  It  follows  then  that  as  these  pulses 
overlap,  a  distorted  curve,  as  shown  in  Figure  16,  results,  but  its 
effectiveness  is  not  materially  increased  until  the  maximum  ordin- 
ate of  the  resultant  curve  r'ses  alcove  that  of  the  single  pulse. 
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It  will  thus  be  seen  that  thru  part  of  the  azimuthal  angle  the 
intensity  of  the  oscillations  produced  hy  static  varies  along  the 
cosine  curve,  spreading  out  somewhat,  however,  as  the  angle 
increases.  If,  therefore,  a  third  antenna  is  employed,  the  curve 
of  reception  of  which  is  the  cosine  curve  and  in  which  both  sig- 
nal and  static  currents  are  flowing,  and  if  this  antenna  be  op- 
positely connected  to  the  system  just  described,  the  static 
currents  due  to  the  click  type  of  static  will  oppose  and  the 
residue  will  be  of  the  order  of  the  difference  between  the  dotted 
curve  shown  in  Figure  17  and  the  cosine  curve  shown  in  solid 
lines  in  the  same  Figure,  from  which  it  appears  that  a  very 
large  order  of  reduction  is  possible  while  at  the  same  time 
utilizing  the  full  signal  strength  developed  by  the  third  an- 
tenna. This  explanation  does  not  purport  to  be  a  rigorous 
analysis  of  the  system  described,  but  is  presented  merely  as  a 
rough  approximation  to  the  facts  observed. 
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The  arrangement  just  described  realized  these  possibiHties 
to  an  appreciable  degree,  but  in  the  form  then  used  was  not 
capable  of  utilizing  the  possibilities  above  outhned  to  their 
fullest  extent,  and  reference  will  be  made  later  to  another  modifi- 
cation which  displayed  greater  capabilities. 
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Figure  17 


Various  other  combinations  of  the  installation  at  Belmar  were 
made.  In  Figure  18  the  leads  were  disconnected  from  the  loops 
and  their  ends  joined,  thus  making  of  them  horizontal  aerials 
tuned  to  earth.     It  will  be  noted  that  this  arrangement  consists 

ieaas  Leads 


Figure  18 


of  two  directive  Marconi  antennas  and  that  the  ratio  of  length 
to  the  height  is  unusually  large.  From  this  it  follows  that  the 
aerial,  which  is  pointed  in  a  direction  away  from  the  transmitting 
station  is  a  much  ])ctter  receiver  of  the  signal  energy  than  that 
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aerial  which  runs  in  a  direction  toward  the  transmitting  station. 
Both  aerials,  however,  pick  up  the  same  amount  of  static.  From 
this  it  is  evident  that  the  two  aerials  may  have  a  very  marked 
difference  in  their  signal-to-static  ratio,  and  this  effect  will  add 
to  the  effect  resulting  from  their  phase  separation  particularly 
when  this  separation  is  small,  and  constitutes  at  times  a  factor 
in  the  results  obtained.  This  principle  operates  in  all  of  the 
arrangements  which  will  l)e  described  in  which  horizontal  aerials 
are  used,  regardless  of  whether  they  are  above  the  earth's  surface, 
on  the  earth's  surface,  or  underneath  it.  Figure  19  shows  one 
of  these  in  which  the  loop  leads  were  connected  together  and  each 
loop  converted  into  an  ordinary  antenna  tuned  to  earth.     In 
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Figure  20  one  loop  was  used  in  its  normal  way  and  balanced 
against  the  leads  of  the  other  loop  tuned  to  earth.  Figure  21 
shows  one  loop  connected  in  its  normal  way  while  the  other  one 
was  arranged  as  an  earthed  antenna.  All  of  these  arrangements 
gave  good  results,  but  since  it  was  impossible  to  investigate  them 
all  at  once,  the  loop  arrangements  were  chosen  for  first  attention. 
Variations  in  the  circuits  were  also  tried.  Figure  22  shows  the 
parallel  condenser  arrangement,  which  was  quite  useful  in  se- 


curing  tuning;  to  wave  lengths  shorter  than  could  be  obtained 
from  the  series  condenser  arrangement.  Figure  23  shows  an- 
other arrangement,  in  which  most  of  the  tuning  was  effected  by 
condenser  d  and  inductance  Li  common  to  both  circuits.  Con- 
densers Co,  Cs,  d,  and  C5,  in  addition  to  taking  some  part  in  the 
tuning,  provided  phase  control  and  coupling. 
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In  addition  to  the  capabilities  of  the  arrangements  described 
for  receiving  thru  static,  they  have  marked  capabilities  in  work- 
ing thru  interference  from  other  stations.     When  adjusted  to 
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annul  static  of  the  grinders  type  this  system  has  a  reception  curve 
of  the  form  shown  in  Figure  9;  its  equation  is  r^V cos-  d, 
while  that  of  the  single  loop  is  a  cosine  curve.  It  will  be  noted 
that  the  directional  effect  in  this  case  is  materially  greater  than 
with  the  single  loop.     When  desired,  adjustments  can  be  so  made 


that  the  reception  curve  becomes  that  of  Figure  10.  Between 
^  =  0  and  d  =  ~,  the  curve  is  a  (cosine)-  curve  while  between  the 
angles  6  =  ~  and  ^  =  2  tt,  the  curve  is  a  (sine)  •  (cosine)  curve  when 
the  loops  are  one-quarter  wave  length  apart.  This  curve  indi- 
cates that  while  reception  in  one  direction  is  a  maximum,  recep- 
tion from  the  opposite  direction  is  zero,  while  it  is  also  materially 
reduced  in  the  third  and  fourth  quadrants.  This  line  of  zero 
reception  can  be  swung  around  at  will  thru  the  third  and  fourth 
quadrants  by  alteration  of  the  phases  of  the  currents  in  the  two 
loops  so  that  interference  from  any  station  arriving  in  this  quad- 
rant can  be  annulled,  while  reception  is  maintained  from  signals 
arriving  in  the  first  and  second  quadrants.  It  is  to  be  noted 
that  advantage  can  be  taken  of  this  property  to  eliminate  strays, 
if  they  happen  to  be  coming  from  a  direction  other  than  that 
from  which  the  signal  arrives,  and  this  fact  is  of  great  help  when 
a  thunderstorm  is  gathering  in  the  vicinity  of  the  station.  The 
necessary  method  of  adjustment  is  as  follows: 

Suppose  that  the  two  loops  of  the  system  are  one-quarter 
wave  length  apart  and  that  the  desired  signal  arrives  from  right 
to  left.  Then  the  currents  in  the  left-hand  loop  are  90  degrees 
behind  those  of  the  right-hand  loop,  if  the  circuits  are  accurately 
t'Uned,  and  they  will  add  in  quadrature.  Next,  suppose  a  signal 
arrives  from  left  to  right;  then  the  currents  due  to  this  signal  in 
the  left-hand  loop  are  90  degrees  ahead  of  those  in  the  right- 
hand  loop  and  therefore  also  combine  in  quadrature.  Then 
currents  due  to  both  signals  exist  in  the  common  receiving  cir- 
cuit. 

Suppose  now,  the  phases  of  all  currents  in  the  left-hand  loop 
are  shifted  forward  90  degrees;  then  the  currents  due  to  the 
desired  signal  in  this  loop  are  shifted  around  until  they  are  in 
phase  with  those  from  the  right-hand  loop,  while  the  phase  of 
the  currents  due  to  the  interfering  signal  in  this  loop,  and  which 
were  previously  90  degrees  ahead  of  those  due  to  the  right-hand 
loop,  are  now  180  degrees  ahead  of  those  in  the  right-hand  loop, 
so  that  they  oppose  and  neutralize.  Because  of  the  unusual 
characteristics  of  the  antenna  used,  this  shift  in  phase  is  readily 
accomplished  by  a  small  adjustment  of  the  condenser  in  the 
loop  circuit.  If  the  interfering  signal  is  not  in  line,  the  phase 
shifting  can  be  made  the  right  amount  to  take  care  of  it,  and 
this  general  order  of  result  is  obtainable  to  some  extent  with 
any  spacing  between  the  loops,  although  one-quarter  wave 
length  is  best.  The  reception  of  Carnarvon's  signal,  14,200 
meters,    thru    the    powerful    interference    of    the    200-kilowatt 
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Alexanderson  alternator  at  New  Brunswick,  only  25  miles 
(40  km.)  away,  working  at  13,600  meters,  has  been  an  everyday 
performance  of  the  system,  while  at  the  same  time  preserving 
a  good  static  balance.  All  forms  of  the  arrangement  described 
have  capabilities  of  reception  thru  interference,  these  capabili- 
ties varying  with  the  type  of  antenna  employed,  the  loop  an- 
tennas and  the  horizontal  aerials  giving  similar  curves. 

Work  wdth  the  original  installation  soon  indicated  the  de- 
sirability of  increasing  the  spacing  between  loops  both  to  secure 
greater  signal  intensity  and  also  to  determine  whether  or  not  the 
static  currents  would  be  simultaneously  generated  in  the  two 
aerials,  when  the  spacing  was  thus  increased.  Antennas  were 
therefore  erected  approximately  8,000  feet  (2,430  m.)  apart, 
each  antenna  consisting  of  12  turns  approximately  77  feet 
(23  m.)  long  by  30  feet  (9.2  m.)  high,  supported  from  cross-arms 
attached  to  telephone  poles.  This  construction  is  shown  in  Figure 
24.     The  receiving  apparatus  was  located  at  a  point  near  the 


Figure  24 


northeast  loop  instead  of  in  the  middle,  and  leads  similar  to 
those  of  the  original  arrangement  run  out  to  the  southwest  loop. 
When  this  was  tried  it  was  found  that  the  leads  picked  up  more 
signal  and  static  than  the  loops  and  that  the  intensity  of  all 
currents  from  the  southwest  loop  was  so  much  greater  than 
that  from  the  northeast  that  successful  working  could  not  be 
obtained.  Leads  running  along  the  ground,  si)aced  at  various 
distances,  were  then  tried,  and  it  was  found  that  their  effect 
was  a  minimimi  when  the  leads  were  close  together.  Next, 
a  duplex  lead-covered  cable  was  tried  and  the  effect  of  the  leads 
very  greatly  reduced  thereby.  These  leads  of  course  had  enor- 
mous capacity  for  a  circuit  of  this  sort  with  the  result  that  the 
southwest  loop  was  connected  to  the  receiving  station  thru  a 
capacity  coupling  of  very  small  value,  and  in  order  to  get  equal 
signal  from  the  distant  end  it  was  necessary  to  use  four  similar 
loops  at  that  point  connected  in  series-parallel.  It  was  also 
found  necessary  to  have  a  tuning  condenser  and  inductances, 
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shown  in  Figure  25,  located  at  the  remote  loop  and  an  operator 
stationed  there  to  make  adjustments  in  accordance  with  in- 
structions telephoned  to  him  by  the  observer  in  the  receiving- 
station,  using  the  cable  wire  for  this  purpose.     It  was  also  neces- 
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sary  to  use  the  reversing  switch  previously'  described,  since  even 
the  lead-covered  cable  picked  up  signal  and  static  in  appreciable 
amounts. 

By  the  time  this  work  was  completed  the  season  had  ad- 
vanced well  into  the  winter  and  the  amount  of  static  available 
for  working  was  so  small  that  the  results  obtained  were  incon- 
clusive and  the  work  was  abandoned  for  the  time  being. 

In  view  of  the  entrance  of  the  United  States  into  the  war  and 
the  great  national  importance  of  the  improvements  previously 
described,  a  full  disclosure  of  the  most  fully  developed  two-loop 
arrangement  was  made  to  the  Navy  Department  and  an  official 
test  carried  out  l^y  Mr.  G.  H.  Clark,  expert  radio  aid  of  the 
Bureau  of  Steam  Engineering  of  the  Navy.  The  following  is 
a  quotation  from  the  report  received  by  the  ^Marconi  Company 
from  the  Bureau  relative  to  this  test : 

"The  Weagant  circuit  in  its  present  form  will  enable  trans- 
Atlantic  reception  to  be  carried  on  without  interruption  in  so 
far  as  elimination  of  static  is  concerned." 

The  next  experiments  were  conducted  at  Miami,  Florida, 
where  loops  were  arranged  at  varying  distances,  the  maximum 
being  six  miles  (9.6km.)  and  the  minimum  about  100  feet  (30.5m.). 
Having  in  mind  the  difficulties  due  to  the  leads,  a  special 
lead  construction  was  used  in  which  a  pair  of  number  18  wires*, 
spaced  about  two  inches  (5.08  cm.)  apart,  were  run  thru  paste- 
board tubes  about  three  inches  (7.62  cm.)  in  diameter,  these 
tubes  being  in  short  lengths  joined  together  and  covered  on  the 
outside  with  tinfoil.  It  was  thought  that  this  arrangement 
would  give  a  reasonable  value  of  capacity  between  the  leads 


*  Diameter  of  number  18  \vire  =  0.C41  inch  =  0.16  cm. 
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while  the  tinfoil  covering  might  act  as  a  screen  in  preventing 
signal  and  static  currents  from  being  picked  up  by  the  leads. 
This  latter  result  was  a  desirable  one  since  the  greater  the  extent 
to  which  the  leads  act  as  aerials,  the  shorter  is  the  effective  spac- 
ing between  the  two  aerials  for  a  given  total  length.  The  re- 
sults obtained  with  this  lead  construction  were  slightly  better 
than  those  obtainable  with  any  other,  but  the  improvement  over 
the  results  secured  from  the  use  of  two  similar  wires,  similarly 
spaced,  but  not  surrounded  with  a  shield,  was  of  too  small  an 
order  to  warrant  the  expense  and  trouble  of  the  other  type  of 
construction.  Two  loops  of  the  type  shown  in  Figure  24  but 
150  feet  (46  m.)  in  length  and  three  miles  (4.8  km.)  apart,  were 
connected  to  a  receiving  station  located  midway  between  them, 
and  tests  were  conducted  with  various  European  stations,  and 
it  was  found  that  the  balance  of  static  currents  secured  was  as 
good  as  that  obtainable  with  loops  a  short  distance  apart,  while 
the  signal  strength  at  balance  was  much  greater.  This  arrange- 
ment was  not,  however,  generally  satisfactory,  as  the  loops 
were  not  large  enough  to  give  a  satisfactory  intensity  of  signal 
for  practical  working,  while  the  effect  from  the  leads  was  about 
equal  to  that  from  the  loop.  Two  other  loops  were  therefore 
constructed  7,200  feet  (220  m.)  apart,  of  the  same  general  type 
and  height,  but  of  twice  the  horizontal  length,  and  with  these 
two,  very  satisfactory  practical  working  was  secured.  With 
both  of  these  arrangements  the  local  tuning  at  the  loops  pre- 
viously described  was  necessarj^  and  this  always  involved  a 
tedious  adjustment  until  the  correct  setting  for  a  given  wave 
length  was  obtained,  and  even  when  this  setting  was  known,  it 
was  necessary  for  some  one  to  go  to  each  of  the  loops, — not  a 
convenient  procedure  with  antennas  three  miles  (2.2  km.)  apart. 
In  order  to  overcome  the  objection  just  mentioned,  the  ar- 
rangement of  Figure  26,  which  was  the  joint  suggestion  of  Air. 
Frank  N.  Waterman,  and  the  writer,  was  constructed.  As 
is  indicated  by  the  Figure,  each  loop  consisted  of  a  single  turn 
extending  from  the  station  out  and  liack  again,  thus  being  both 
loop  and  lead  simultaneously,  and  being  fr(>e  from  points  where 
abrupt  changes  in  circuit  constants  take  jilace,  as  in  the  previous 
arrangement.  The  loops  of  this  form  which  were  constructed 
varied  in  length  from  1,000  feet  (305m.)  each  up  to  aiiproximately 
9,000  feet  (2,750  m.)  each,  the  upper  wire  being  sui:)ported  on 
stakes  only  three  feet  (92  cm.)  above  ground,  while  the  lower 
wire  I'an  along  the  surface  of  the  ground.  INIuch  dilHculty  was 
experienced    in    maintaining   this   construction    long   cnougli    to 


get  satisfactory  observation,  due  to  the  fact  that  about  2,500 
feet  (760  m.)  northeast  from  the  receiving  station,  they  had  to 
cross  a  canal,  while  at  other  places  they  ran  thru  cow  pastures 
and  were  frequently  broken. 


Figure  26 


When  first  tested  it  was  found  that  the  loop  then  used,  which 
was  approximately  3,600  feet  (1,100  m.)  long,  would  not  tune, 
the  inductance  and  capacity  inserted  at  the  receiving  end  of  the 
station  apparently  having  no  effect.  This  result  was  believed 
to  be  due  to  a  current  distribution  in  the  loops  of  such  a  nature 
that  there  was  a  current  node  at  the  point  of  insertion  of  the 
tuning  devices.  It  was  therefore  determined  to  attempt  to 
alter  this  distribution  by  the  insertion  of  inductance  at  some  suit- 
able point.  An  inductance  such  asL9,Lio  in  Figure  26  of  30  milli- 
henrys  was  inserted  successively  in  the  upper  wire  at  a  large  num- 
ber of  points  between  the  receiving  station  and  the  other  end  of  the 
loop.  It  was  found  that  the  tuning  improved  constantly  as  the 
coil  was  moved  from  one  end  toward  the  middle,  and  constantly 
became  poorer  as  the  coil  moved  from  the  middle  toward  the 
end,  the  curve  of  the  resulting  effect  being  of  the  form  shown  in 
Figure  27.  Insertion  of  the  inductance  in  the  lower  wire  pro- 
duced no  result  and  in  fact  if  inserted  in  the  middle  point  of  the 
lower  wire  at  the  same  time  that  inductance  were  inserted  in 
the  middle  point  of  the  upper  wire,  the  effect  of  the  latter  was 
annulled.  Having  determined  the  best  point  for  the  induct- 
ance, its  best  value  was  next  obtained,  and  while  the  results 
showed  that  a  value  of  30  millihenrys  was  about  right  for  a  wave 
length  of  12,000  meters,  and  5  millihenrys  for  a  wave  length  of 
6,000  meters,  either  value  was  sufficiently  acceptable  for  both 
wave  lengths. 

As  soon  as  tuning  control  of  this  type  of  antenna  was  ac- 
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complished  it  was  found  possible  to  use  this  system  in  a  most 
satisfactory  way  for  the  ehmination  of  static.  The  effective 
spacing  of  two  such  loops  was  found  to  be  approximately  the 
distance  between  the   centers  and   complete   control   could  be 
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effected  at  the  central  receiving  station,  the  over-all  results 
obtained  being  even  better  than  those  obtained  with  the  previous 
forms.  A  variation  in  the  form  of  this  type  of  aerial  is  shown  in 
Figure  28,  in  which  the  area  enclosed  is  approximately  a  triangle, 
it  being  assumed  that  this  arrangement  would  give  a  greater 
effective  separation  if  the  loop  receiving  antenna  extracted  energy 
from  a  passing  electro-magnetic  wave  in  accordance  with  the 
usually  accepted  theory.     Conclusive  results  on  this  form  were 
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not  obtained  until  later  work  at  Lakewood,  New  Jersey,  and  they 
showed  that  the  very  long  triangle  there  used,  did  not  behave 
in  accordance  with  this  assumption.  In  fact  it  may  be  stated 
that  this  whole  work  has  demonstrated  that  our  ideas  of  the 
mechanism  by  which  a  loop  antenna  extracts  energy  from  a 
moving  electro-magnetic  wave,  will  have  to  be  considerably 
modified,  but  this  matter  is  too  extensive  to  go  into  in  detail 
at  this  time.  The  exact  mode  of  vibration  of  the  long,  low  loo|)s 
just  described  is  also  a  matter  of  great  complexity  and  can  only 
be    determined    by    an    exhaustive    experimental    and    inathe- 
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matical  analysis.  This  work  is  already  quite  well  under  wa}', 
]\Ir.  Louis  Cohen  having  kindly  consented  to  luidertake  the 
mathematical  work  for  me,  but  it  is  not  yet  completed. 

During  the  earlj^  part  of  the  work  at  ]\Iiami,  the  Xavy  De- 
partment was  experimenting  with  imdergroimd  antennas,  several 
of  which  had  been  installed  by  ^Ir.  G.  H.  Clark.  This  afforded 
an  opportimity  for  the  writer  to  try  these  in  the  system  described. 
These  were  tried  in  a  large  number  of  comliinations,  which  are 
shown  in  Figure  29.     As  will  be  seen  from  the  Figin-e,  these  ar- 
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rangements  were  essentially  the  same  as  those  of  the  original 
Belmar  installation,  resembling  most  closely  that  one  which 
employed  the  horizontal  lead  wires  and  differing  from  it  only  in 
the  fact  that  the  wires  were  buried  under  groimd  or  laid  on  the 
surface  instead  of  supported  some  distance  above  the  ground. 
All  of  these  various  combinations  operated  satisfactorily,  but 
there  was  no  material  difference  between  those  laid  on  the 
ground,  those  under  grovmd,  or  those  tmder  water,  which  was 
present  only  a  few  feet  under  the  surface.  The  lengths  used 
were  not  great  enough  to  give  a  material  fraction  of  a  wave 
length  effective  spacing,  and  attempts  were  made  to  extend  this 
by  increasing  the  length  of  the  wire.  It  was  found,  however, 
that  this  could  not  be  done,  but  that,  on  the  contrary-,  increasing 
the  length  of  the  wire  made  the  performance  poorer  rather  than 
better,  and  this  is  probably  due  to  the  loop  action  and  other 
causes  referred  to  in  the  preliminary  description  of  this  type  of 
aerial.  The  best  working  of  all  these  arrangements  was  the 
combination  of  one  of  the  ground  wires  with  one  of  the  loops, 
due  to  the  fact  that  this  gave  a  much  greater  effective  separa- 
tion, the  loop  being  situated  3,600  feet  (1,100  m.)  awaj^  from  the 
receiving  station. 

Having  secured  a  practical  form  of  this  S3'steni  which  could 
be  operated  with  the  half-wave-length  spacing,  namely,  the 
long,  low  loop,  an  installation  was  made  in  the  spring  of  1918, 


in  the  vicinity  of  Lake^YOcd,  New  Jersey,  in  accordance  with  the 
results  of  the  Miami  tests.  This  installation  consisted  of  two 
aerials,  each  three  miles  long,  of  number  14  hard  drawn  copper*, 
in  a  line  directed  toward  France.  These  antennas  were  supported 
by  telephone  posts  30  feet  (9.2  m.)  high  and  were  at  first  tri- 
angular in  form,  having  a  vertical  leg  28  feet  (8.5  m.)  high  at 
their  outer  ends,  and  brought  together  at  the  receiving  station. 
This  is  shown  in  Figure  28.  This  form  was  later  modified  to 
a  rectangle  three  miles  (4.8  km.)  long,  ten  feet  (3.05  m.)  in  vertical 
dimension,  the  lower  ware  being  about  ten  feet  (3.05  m.)  above 
ground,  and  this  modification  was  found  to  be  appreciably  more 
satisfactory.  Inductance  coils  of  30  millihenrys  were  inserted 
in  the  middle  points  of  the  upper  wire  of  each  loop.  This  station 
was  operated  continuously  from  the  middle  of  July  until  the  end 
of  September  with  a  force  of  three  operators,  each  working  eight 
hours,  copying  messages  sent  out  by  Lyons,  Carnarvon,  and 
Nauen  regularly,  and  occasionally  other  stations.  This  con- 
tinued operation  was  undertaken  to  determine  the  capabilities 
of  the  system  in  a  practical,  commercial  way,  during  the  worst 
period  of  the  summer  and  at  all  hours  of  the  day.  The  results 
secured  were  most  gratifying,  the  total  interruptions  experienced 
being  of  no  greater  total  duration  than  those  of  good  cal^le  work- 
ing between  the  same  points  and  at  the  same  time  of  year.  It 
was  found  that  when  the  signal  from  the  European  stations  was 
of  normal  intensity  the  heaviest  static  experienced  at  any  time 
was  unable  to  interfere  in  the  slightest,  but  that  on  the  cont/ary 
it  might  have  l^een  very  much  more  severe  without  causing  trou- 
ble. Reception  under  this  condition  was  almost  invarial)ly 
good  enough  for  high  speed  automatic  reception.  A  few  thun- 
der storms  occurred  during  this  time  and  some,  but  not  all  of  them, 
prevented  reception  while  they  lasted.  There  were  also  periods 
recurring  regularly  every  day  l)etween  four  and  six  o'clock  in 
the  afternoon  and  l^etween  twelve  and  two  o'clock  in  the  morn- 
ing when  the  intensity  of  the  received  signals  from  Carnarvon 
and  Nauen  fell  off  enormously,  on  some  occasions  falling  as  low 
as  l/ 100th  of  their  normal  intensity.  Dui'ing  a  few  of  these 
fading  periods  interruptions  were  experienced  vai-ying  from  five 
or  ten  minutes  to  perhaps  one  hour.  The  worst  of  these  ])(Mi()ds 
was  usually,  but  not  alwaj's,  the  midnight-to-two-a.m.  pei-iod 
when,  altho  the  static  was  generally  lighter  than  during  th(> 
afternoon  fading  ))eriod,  at  which  time  its  maximum  intensity 
occurred,  the  decrease  of  signal  strength  was  I'atlun-  greater. 
*  Diameter  of  number  14  wire  =  0.064  inch  =0.102  cm. 
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A  careful  study  of  the  conditions  during  these  fading  periods 
convinced  me  that  the  difficult}^  was  due  to  the  fact  that  when 
the  signal  weakened  greatly  the  click  type  of  static  was  present 
in  sufficient  quantities  to  cause  the  trouble,  and  that  when  the 
signal  intensity  was  greatly  amplified  in  order  to  be  heard,  the 
amplification  also  brought  up  this  disturbance  with  its  ratio 
to  the  signal  unaltered. 

As  has  already  been  pointed  out,  the  two-aerial  arrangement 
has  not  as  yet  shown  itself  capable  of  sufficiently  differentiating 
between  this  horizontally  moving  type  of  static  and  the  signal 
to  meet  the  severest  conditions  of  signal  fading.  In  the  hope  of 
successfully  overcoming  even  this  condition,  existing  occasionally 
during  the  fading  periods,  recourse  was  had  to  the  three-aerial 
arrangement,  but  in  a  modified  form,  as  shown  in  Figure  30. 


Figure  30 


This  was  operated  in  accordance  with  the  principle  previousl}^ 
set  forth,  namely,  the  two  loops  were  adjusted  to  balance  out 
signal  instead  of  static,  and  the  retained  static  was  used  to 
balance  out  that  in  the  third  antenna.  The  third  antenna  in 
this  case  was  a  horizontal  wire  approximately  6,000  feet  (1,820  m.) 
long,  about  three  feet  (92  cm.)  above  the  ground,  running  under- 
neath the  loop  antennas  and  supported  by  the  same  poles. 
When  this  arrangement  was  operated  it  was  found  that  all  of 
the  hoped-for  improvement,  and  much  more,  had  been  realized, 
in  fact  that  the  improvement  of  reception  thru  static  of  the  stray 
or  click  type  was  of  the  same  order  as  the  improvement  which 
the  two-antenna  arrangement  made  possible  thru  static  of  the 
grinders  tj'pe;  also,  most  fortunately,  that  the  adjustment  which 
reduced  one  type  of  static  was  the  exact  adjustment  for  elimi- 
nating the  other,  so  that  both  types  went  out  together,  leaving  all 
of  the  signal  supplied  by  the  third  antenna.  This  was  approxi- 
mately the  same  in  strength  as  that  which  could  be  received 
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using  the  two  loops  so  connected  that  their  signal  strengths  added. 
So  great  was  the  general  improvement  in  reception  made 
possible  by  this  arrangement  that  signals  from  stations  in  Europe 
of  a  very  much  smaller  order  of  power  than  Carnarvon  or  Nauen 
could  then  be  received.  Of  these  stations  it  is  sufficient  to 
mention  Eiffel  Tower,  working  at  about  8,000  meters,  and  Lyons, 
working  at  8,000  meters,  the  signal  strength  of  Lyons  at  this 
wave  length  being  very  much  less  than  the  signal  received  from 
the  same  station  when  using  his  usual  wave  length  of  15,000  meters, 
and  it  is  assumed,  though  not  definitely  known,  that  the  amount 
of  power  being  used  was  much  less.  The  installation  at  Eiffel 
Tower  is  understood  to  be  an  arc,  the  input  of  which  is  about 
100  kilowatts.  Many  attempts  had  been  made  during  the  sum- 
mer to  copy  these  stations  with  the  two-antenna  arrangement, 
but  the  results  were  satisfactory  only  occasionally  and  when  the 
grinders  type  of  static  was  that  which  existed.  When  the  other 
type  was  present  these  stations  could  not  be  read.  During  the 
test  with  the  three-antenna  arrangement  on  one  occasion,  in 
the  evening,  static  of  extreme  intensity  was  experienced  and 
the  intensity  of  the  signal  from  Eiffel  Tower  was  much  below 
normal,  with  the  result  that  with  the  two-antenna  arrange- 
ment it  was  barely  possible  to  tell  that  the  signal  was  present. 
Losing  the  three-antenna  arrangement  the  signal  was  not  only 
readable  but  of  such  intensity  that  it  could  be  read  with  the 
telephones  a  couple  of  feet  from  the  ear.  Continued  use  has 
established  beyond  question  that  this  performance  is  not  oc- 
casional or  accidental,  but  consistent,  and  that  with  this  arrange- 
ment trans-Atlantic  radio  telegraphy  can  now  be  carried  on 
free  from  interruptions  due  to  static  of  any  kind  whatsoever 
except  local  lightning.  This  cannot  always  be  neutralized,  but 
since  the  cables  are  also  interrupted  by  this  latter  cause  it  fol- 
lows that  a  continuity  of  communication  equal  to  that  of  cable 
operation  is  now  possible  by  radio  telegraphy,  while  the  latter 
has  the  great  advantages  of  cheapness  and  greater  speed  of  opera- 
tion. For  many  years,  attempts  to  work  automatic  high-speed 
radio  telegraphy  have  been  made,  but  they  have  been  successful 
only  when  static  was  absent.  It  is  therefore  evident  that  use 
can  now  be  made  of  this  method  of  working  to  a  very  great  extent, 
thereby  greatly  increasing  the  number  of  messages  which  can 
be  handled  over  a  given  circuit.  It  may  also  ])e  stated  that  the 
great  barrier  in  the  way  of  successful,  practical  radio  telephony 
has  been  removed  since  static  has  interfered  witli  radio  tele- 
phony to  a  much  greater  extent  even  than  with  radio  telegraphy. 


One  of  the  outstanding  features  of  the  systems  thus  far  de- 
scribed has  been  their  need  of  a  considerable  stretch  of  territory, 
and  it  would  obviously  be  an  important  advance  if  the  same 
results  could  be  secured  without  this  necessity.  It  is  pleasing, 
therefore,  to  be  able  to  state  that  a  considerable  number  of  such 
arrangements  have  been  worked  out,  in  which  the  necessitj^  for 
large  space  does  not  exist;  in  fact  some  of  them  are  of  such  small 
dimensions  that  the  entire  equipment  necessary,  including  the 
antennas,  could  be  arranged  in  a  lecture  room,  and  between  the 
floor  and  the  ceiling.  Only  one  of  these  arrangements  will  be 
described  at  this  time,  the  others  being  reserved  for  a  later  com- 
munication. 

Referring  now  to  Figure  31,  Ai  represents  an  aerial  of  the 
linear  type  several  times  referred  to,  ])ut  so  arranged  that  it  can 
be  moved  thru  a  considerable  angle  in  the  vertical  plane  and 
swung  around  thru  any  desired  azimuthal  angle.     If  this  aerial 
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Figure  31 


is  swung  from  the  vertical  position  to  the  horizontal  posi- 
tion, while  being  directed  toward  a  desired  transmitting  station, 
it  is  found  that  a  particular  vertical  angle  can  be  obtained  at 
which  the  signal  goes  out  entirely  while  some  of  the  static  re- 


242 


mains.  The  arrangement  therefore  constitutes  another  form 
of  static  tank.  If  then  we  take  a  second  antenna,  such  as  the 
loop  Ao  shown  in  the  Figure,  which  suppHes  both  signal  and  static, 
we  can,  thru  the  use  of  the  circuits  already  explained,  couple 
these  together  in  such  a  way  that  the  static  is  cancelled,  leaving 
the  signal.  This  arrangement  works  quite  as  well  as  any  of 
those  previously  described,  except  the  three-antenna  arrange- 
ment, and  the  difference  is  due  to  the  fact  that  this  particular 
arrangement  does  not  as  completely  eliminate  the  static  of  the 
horizontally  moving  type. 

To  secure  the  full  practical  benefit  of  this  arrangement  it 
is  desirable  that  the  length  of  the  aerial  Ai  be  conveniently 
short,  say  about  30  feet  (9.2  m.),  which,  for  trans-Atlantic  re- 
ception of  course  makes  necessary  the  employment  of  amplifiers 
of  extraordinary  capabilities.  In  the  work  which  I  have  done 
with  this  arrangement  I  have  used  two  amplifiers,  developed  by 
the  Research  Depai'tment  of  the  Marconi  Company,  of  five  and 
eight  stages  respectively,  with  which  it  is  possi))le  to  receive 
signals  of  a  satisfactory  strength  from  Nauen  or  Carnarvon 
when  the  antenna  is  of  the  dimensions  stated.  The  reason  for 
the  use  of  the  very  small  antenna  is  simply  that  it  is  then  pos- 
sible to  secure  a  conveniently  operated  mechanical  support,  the 
principle  of  operation  holding  good,  however,  when  much  greater 
lengths  are  employed. 

No  attempt  has  been  made  in  this  paper  to  set  forth  exhaus- 
tively the  complete  theories  of  the  arrangements  used,  but  simpl}' 
to  give  a  brief  description  of  the  methods  used  and  results  ob- 
tained .It  is  realized  that  quantitative  data  of  many  sorts  have 
not  been  given,  due  in  part  to  the  unsatisfactory  nature  of  the 
methods  of  measurement  available,  and  also  to  the  fact  that  the 
whole  work  was  dominated  b}^  the  practical  requirement  of  se- 
curing readability  of  trans-Atlantic  signals,  which  was  of  vital 
consequence  to  the  Marconi  Company.  It  is  hoped,  in  subse- 
quent communications,  to  remedy  the  deficiencies  referred  to  and 
to  describe  a  considerable  numljer  of  other  arrangements  which 
have  been  discovered,  the  oiierating  characteristics  of  which  luv 
being  more  fully  investigated. 

With  reference  to  the  hypothesis  stated  in  the  early  iiart  of 
this  paper  to  the  effect  that  static  of  the  grinders  tyix^  is  due  to 
electro-magnetic  waves  heterogeneously  polarized  and  i)roi)a- 
gated  in  a  direction  perpendicular  to  the  earth's  surface,  it  should 
be  clearly  understood  that  while  this  hy])()thesis  has  been  of 
great  use  in  explaining  the  very  lai'go  number  of  obscM'vations 


made  over  a  long  period  of  time,  it  cannot  however  be  regarded 
in  the  hght  of  a  proven  theory,  since  certain  observations  have 
been  made  which  it  does  not  readily  cover.  It  does  appear, 
however,  that  the  most  important  fact  contained  in  this  hy- 
pothesis, namely,  that  static  effects  of  the  grinders  type  are 
simultaneously  produced  at  points  separated  a  distance  of  the 
order  of  the  longest  waves  at  present  employed  in  radio  tele- 
graphy, is  firmly  established.  With  respect  to  the  rest  of  the 
hypothesis,  further  work,  which  is  at  present  in  progress,  will  be 
necessarj^  before  the  complete  truth  is  proven  or  otherwise. 

The  writer  would  greatly  appreciate  the  opportunity  to 
demonstrate  the  actual  working  of  the  systems  described  thru 
a  committee  to  be  selected  by  The  Institute  of  Radio  Engi- 
neers should  they  be  sufficiently  interested,  during  the  coming 
summer,  when  static  disturbances  are  at  their  worst. 

In  conclusion  the  helpful  and  valuable  assistance  of  the 
following  gentlemen  is  acknowledged:  Mr.  C.  L.  Farrand, 
Mr.  Frank  N.  Waterman,  Mr.  George  H.  Clark,  Dr.  Alfred 
N.  Goldsmith,  Mr.  Louis  Cohen;  and  of  the  Research  Depart- 
ment of  the  Marconi  Company.  Messrs.  Weinberger  and 
Dreher  of  the  Research  Department  deserve  special  mention  in 
this  latter  connection. 

SUMMARY:  The  effects  produced  by  static  (strays')  are  considered,  and  the 
Eccles  classification  of  static  as  grinders,  clicks,  and  hisses  is  adopted.  Pre- 
vious attempts  to  eliminate  strays  are  described  with  explanations  of  their 
non-operativeness. 

Researches  are  described  which  indicate  that  grinders,  the  predominantly 
objectionable  summer  static,  act  as  if  propagated  vertically.  A  balanced 
antenna  structure  consisting  in  effect  of  two  horizontal  loops  is  used  to  elim- 
inate grinders.  Signals  in  the  loops  add  in  the  secondary  circuit  in  proportion 
to  the  separation  of  the  loops  relative  to  the  wave  length,  while  vertically 
propagated  grinders  in  the  loops  balance  out  in  the  secondary. 

Clicks  are  found  to  be  horizontally  propagated  strays,  and  a  special  three- 
antenna  arrangement  for  practically  eliminating  them  is  described  and 
explained. 

Experimental  work  at  various  stations  using  these  arrangements  is  de- 
scribed, and  the  capabilities  of  the  new  systems  indicated. 
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DISCUSSION 

Michael  I.  Pupin:  I  have  been  very  much  interested  in  the 
paper,  since  it  is  a  report  of  work  actually  done.  Perhaps  one 
does  not  care  so  much  about  the  theory  which  has  been  ad- 
vanced to  explain  the  balancing  described;  whether  the  theory 
is  correct  or  not,  the  effects  produced  show  that  it  is  a  theory 
not  so  very  far  removed  from  the  truth,  if  it  is  not  exactly  the 
true  theory. 

What  strikes  one  most  in  listening  to  the  paper  is  that  we 
have  here  a  new  attempt  to  advance  the  art  of  radio  telephony 
and  radio  telegraphy,  an  attempt,  namely,  in  the  direction  of 
adjusting  phases.  In  the  beginning  of  the  art,  we  had  pulse 
excitation  and  nothing  else;then  came  loose  coupling  and  less 
damping,  which  made  tuning  available;  it  is  still  holding  its  own 
in  the  art;  and  then  came  attempts  to  produce  continuous  oscil- 
lations, and  now  we  have  a  new  addition  to  the  art:  namely,  the 
art  of  adjustment  of  phases  in  the  receiving  antennas. 

I  myself  am  a  great  believer  in  this  new  departure.  I  have 
been  its  advocate  for  some  time;  namely,  the  adjustment  of 
phases,  and  as  we  are  dealing  in  radio  telegraphy  and  telephony 
with  wave  propagation,  it  goes  without  saying  that  in  wave 
propagation  we  can  accomplish  a  great  many  effects  by  the 
proper  treatment  of  phases,  a  feature  which  is  not  possible  in 
ordinary  transmission,  which  does  not  depend  upon  wave 
propagation. 

The  effects  produced  by  loops  pointing  in  the  direction  of 
the  station  which  transmits,  properly  adjusted  as  to  their  length, 
and  provided  at  the  point  of  symmetry  with  a  suitable  receiv- 
ing apparatus,  can  be  adjusted  so  as  to  get  a  good  signal,  because 
you  arrange  the  phases  in  a  suitable  way,  which  at  the  same  time 
can  be  made  to  neutralize  the  static  effect,  if  that  static  effect 
is  not  propagated  in  the  same  way  as  the  signal.  I  say  this 
seems  to  be  obvious^ — when  you  are  told  about  it,  and  that  is  what 
I  like  about  the  scheme.  A  scheme,  which  appeals  to  3'ou  as 
obvious  after  you  are  told  about  it,  is  the  right  scheme,  as  a 
rule. 

It  is  very  easily  understood,  and  everyone  will  say  "Why, 
of  course,  that  will  work."  But  it  is  rather  difficult  to  under- 
stand why  an  electric  wave  due  to  the  propagation  of  a  grinding 
"stray"  or  a  grinding  static  should  affect  a  long  conductor, 
several  thousand  feet  long,  in  such  a  way  that  the  motions  of 
electricity  in  all  its  parts  are  affected  in  the  same  phase.  It  is 
very  difficult  to  understand. 


Mr.  Weagant  explains  it  by  assuming  that  the  wave  is  propa- 
gated vertically  downward,  and  perpendicularlj^  to  the  surface 
of  the  earth,  as  the  wave  is  due  to  heterogeneously  polarized 
oscillators — I  think  that  is  what  they  are  called.  "Well,  these 
oscillators  must  be  not  only  heterogeneously  polarized,  but  they 
must  be  somewhere  above,  because  if  they  are  at  a  distance, 
say  one  thousand  miles  (1,600  km.)  away,  or  even  five  hundred 
or  three  hundred  or  even  two  hundred  miles  (800  or  400  or  300km.) 
away,  then  their  waves  would  not  affect  all  parts  of  a  long 
antenna  alike.  It  is  not  easily  seen  how  these  oscillators  start 
waves  (which  after  awhile  must  become  spherical)  which,  as 
far  as  the  receiver  is  concerned,  appear  as  if  they  came  from 
above. 

That  is  the  difficulty.  What  of  it?  The  more  difficult  the 
thing  appears,  the  more  interesting  it  is.  It  may  be  that  these 
oscillators  throw  out  spherical  waves  which  are  reflected  back 
and  forth  between  the  conducting  upper  layer  of  the  atmos- 
phere and  the  earth,  an  assumption  which  has  been  advanced 
by  other  men  and  accepted,  and  that  the  "strays"  which  bother 
you  most  are  the  "strays"  from  the  last  reflection  from  the  upper 
laj-er.  This  assumption  is  just  as  good  as  any  other.  If  it 
does  not  suit  you,  find  out  some  other  assumption  that  will 
suit  you  better.  But  whatever  the  explanation  may  be,  the 
fact  remains  that  the  waves  coming  from  the  grinders  act  like 
vertically  propagated  waves,  because  thej-  affect  every  part 
of  the  receiving  system  in  the  same  phase  and,  of  course,  the 
signaling  waves  are  horizontally  propagated  waves. 

Mr.  AVeagant  arranges  his  balance  in  accordance  with  this 
assumption  and  he  proves  in  a  verj-  successful  way  that  he  can 
receive  messages  practically  continuously.  Of  course,  to  do 
that,  you  have  to  use  long  antennas.  I  felt  a  little  bit  unhappy 
when  antennas  several  thousand  feet  in  length  were  mentioned. 
I  said  to  myself  "This  investigation  is  evidently  being  made  for 
a  big  corporation — no  college  professor  could  indulge  in  anj-- 
thing  like  that."  Then  once  or  twice  a  generator  of  two  hundred 
kilowatts,  the  Alexanderson  generator  of  two  hundred  kilowatts, 
was  mentioned.  Of  course,  such  a  machine  a  poor  college 
professor  can  never  have  or  possess,  and  if  he  did  possess  it, 
he  would  probably  sell  it  and  retire  for  the  rest  of  his  life  instead 
of  bothering  with  investigations  with  such  a  machine. 

The  static  effects  are  probably  cosmic  effects;  that  is  to  say, 
thej^  are  terrestrial  effects  of  almost  cosmic  dimensions.  The 
investigation  requires  to  start  with  large  experimental  apparatus. 


large  facilities  for  the  purpose  of  producing  certain  definite  effects. 

Of  course,  one  idea  about  the  static  problem,  and  I  must 
confess  that  it  is  my  idea  too,  is  this.  If  you  use  a  device  of  the 
ordinary  dimensions  that  you  can  conveniently  place  in  any 
little  room,  and  reduce  the  static  by  some  means  or  another, 
enabling  the  sender  to  use  about  one-one  hundredth  part  of  the 
energy  he  is  usually  using,  then  instead  of  using  anywhere  from 
one  hundred  to  two  hundred  kilowatts,  which  almost  makes  me 
shudder,  he  can  use  from  one  to  two  kilowatts.  That  is  my  opin- 
ion, altho  I  do  not  say  that  my  opinion  is  correct,  but  in  my 
opinion  the  real  static  prol)lem  is  to  reduce  the  effect  of  the  static 
by  using  receiving  circuits  of  very  ordinary  dimensions,  such 
as  we  use  on  board  of  a  ship,  and  enable  one  to  receive  signals 
free  from  static  interference  even  if  the  power  of  the  sending 
station  is  reduced  one-hundred-to-one.  Of  course,  that  is  a 
very,  very  ambitious  proposition. 

The  proposition  described  by  Mr.  Weagant  is  not  so  am- 
bitious— it  is  very  much  less  ambitious.  From  many  points  of 
view  it  is  much  more  sensible,  because  advances  in  an  art,  as  a 
rule,  are  made  step  by  step — there  is  no  sudden  jump  in  the  de- 
velopment of  an  art,  but  a  gradual  development.  Now,  this 
improvement  is  in  the  direction  of  gradual  advance.  We  have 
here  a  marked  improvement  as  the  first  step  in  the  direction 
of  getting  rid  of  the  natural  interferences  of  the  static,  and  as 
such  I  hail  it  with  delight.  It  is  an  accomplishment,  a  de- 
cided accomplishment. 

I  am  surprised,  however,  that  in  all  this  work  the  name  of 
the  vacuum  tube  amplifier  has  not  been  mentioned  at  all,  until 
towards  the  last,  when  the  short  rectilinear  antenna  which  was 
described,  in  which  case  the  energy  which  was  received  was  very 
small,  and  then  a  five-step  to  eight-step  amplifier  was  used, 
which  was  said  to  have  been  designed  by  the  Research  Dejiart- 
ment  of  the  Marconi  Company.  I  would  like  to  see  that  eight- 
step  amplifier.  I  have  a  nine-step  amplifier.  I  know  what  a 
tremendous  trouble  it  is  to  a  man  to  develop  a  nuilti-stcj)  ampli- 
fier, and  all  of  a  sudden  to  hear  that  some  man,  who  did  not 
say  anything  about  it,  had  developed  an  eight-step  amplifier. 
Well,  I  wonder  how  many  times  it  amplifies.  Ten  times,  a 
thousand  times,  a  million  times,  or  what  is  it? 

However,  I  am  glad  that  Mr.  Weagant  was  finally  forced  to 
use  the  amplifier.  I  know  from  private  information  that  as 
long  as  you  use  a  long  antenna  the  amplifier  is  not  necessary, 
because  the  antenna  itself  picks  up  a  sufficiiMit  amount  of  energy, 
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being  so  long,  being  such  a  large  trap  for  the  electrical  wave  to 
drop  in,  that  an  amplifier  is  not  necessary.  As  long  as  Mr. 
Weagant  has  started  to  use  it,  I  am  satisfied  and  glad  of  it, 
because  I  do  believe  that  the  amplifier  is  one  of  the  finest  inven- 
tions in  radio  telegraphy  that  we  have  to-day,  and  that  no  prob- 
lem in  radio  telegraph^'  including  the  elimination  of  the  static 
can.  in  my  opinion,  ever  be  solved  without  the  full  use  and  full 
knowledge  of  the  amplifier;  and,  delighted  as  I  am  with  the  ac- 
complishment recorded  in  his  paper,  I  am  equally  delighted 
with  the  fact  that  Mr.  Weagant  and  the  Research  Department 
of  the  ^larconi  Company  have  started  to  use  the  amplifier  in 
connection  with  this  scheme. 

Alfred  N.  Goldsmith:  Several  years  ago,  I  had  the  opportunity 
of  witnessing  a  demonstration  of  Mr.  Weagant's  system  of  stray 
elimination  under  conditions  that  were  entirely  under  my  control. 
That  is,  the  wiring  and  connections  of  the  apparatus  were  com- 
pletely open;  it  was  permitted  to  make  full  wiring  diagrams  of 
the  equipment,  and  (after  proper  instruction)  to  handle  and  ad- 
just the  apparatus  myself.  This  was  the  first  of  a  number  of 
opportunities  of  this  sort,  and  alwaj's  with  the  same  successful 
result.  It  has  also  been  my  privilege  to  have  been  associated 
with  ]Mr.  Weagant  in  the  development  of  many  phases  of  the 
remarkable  sj-stem  which  he  has  originated  and  particularly  in 
its  more  recent  and  advanced  forms.  In  every  case,  the  extreme 
orderliness  of  the  phenomena  presented  has  been  striking  and  the 
extent  to  which  theoretical  deductions  have  been  verified  by 
experimental  evidence  was  highh'  gratifying.  Particularly 
has  this  been  the  case  since,  prior  to  'Mr.  Weagant's  work,  strays 
were  regarded  as  of  such  random  and  erratic  character  that  any 
systematic  or  logical  manipulation  of  them  or  their  effects  seemed 
hopeless.  This  state  of  affairs  has  been  completely  reversed, 
and  a  powerful  weapon  of  research  placed  in  the  hands  of  pure 
scientists  as  well  as  an  instrument  of  tremendous  importance  at 
the  disposal  of  the  radio  engineers. 

Straj'S  are  practically  omnipresent  in  radio  receivers.  In- 
deed their  ubiquitous  character  has  led  workers  in  this  field  to 
associate  strays  and  signals  as  inseparable  twins.  All  the  greater 
is  the  amazement  of  the  radio  manipulator  when,  on  turning 
a  handle,  he  hears  barely  audible  signals  previoush^  smothered 
by  overwhelming  erases  of  strays,  emerge  finally,  loud  and  well- 
defined,  while  the  strays  dwindle  to  negligible  proportions. 
The  experience,  particularly  to  skilled  workers  in  the  art,  has 


an  air  of  unreality  because  it  is  so  far  removed  from  all  that  has 
previously  seemed  possible. 

With  Professor  Pupin's  view  as  to  the  importance  of  the 
vacuum  tube  amplifier  in  the  development  of  Mr.  Weagant's 
methods  of  stray  elimination,  I  cannot  concur.  The  basic  ideas 
of  these  methods  were  quite  independent  of  amplification  of 
this  sort,  and  their  main  development  equally  so.  Mr.  Weagant 
assuredly  owes  no  debt  whatever  to  the  amplifier  for  his  original 
discoveries  and  their  main  reduction  to  practice. 

With  Professor  Pupin's  opinion  that  the  amplifier,  in  some 
form,  will  be  used  in  the  more  compact  stray  eliminating  systems 
which  Mr.  Weagant  has  more  recently  developed,  I  find  myself 
in  accord.  Convenience  dictates  receiving  antennas  of  small 
dimensions.  These,  being  unable  to  gather  considerable  energy 
for  the  incoming  signal,  call  for  amplifiers.  As  to  the  amplifiers 
actually  used  in  this  work,  the  voltage  amplification  of  which 
they  are  capable  is  of  the  order  of  Professor  Pupin's  largest 
figure  rather  than  of  his  smallest. 

Of  the  improvements  which  will  result  in  the  radio  art  be- 
cause of  this  advance,  Uttle  need  be  said.  High  speed  long 
range  communication  and  radio  telephony  assume  an  entirely 
new  order  of  importance  and  a  tremendous  growth  in  the  radio 
field  becomes  the  inevitable  result  of  the  elimination  of  the  worst 
obstacle  to  reliable  long  distance  reception. 

No  doubt,  the  auditors  of  Mr.  Weagant's  paper  have  felt 
the  complexity  of  the  methods  used,  to  some  extent,  particularly 
at  a  first  hearing.  The  general  impression  must  be  that  an  in- 
geniously elaborate  electrical  means  for  utilizing  the  new  law 
which  has  been  found  to  govern  the  action  of  most  of  the  strays 
which  interfere  with  the  reception,  namely,  "grinders,"  is  em- 
ployed. However,  the  salient  feature  of  the  methods  used  to 
eliminate  grinders  is  based  on  the  simultaneity  and  equality  of 
effects  produced  by  strays  on  two  similar  systems  i)ioperly 
oriented  and  in  the  same  horizontal  plane.  This  simultaneous 
action  is  the  key-note  to  the  situation  and,  however  it  may  arise, 
has  been  the  furnace  in  which  the  powerful  weajxin  against 
strays  has  been  forged.  The  treatment  of  strays  of  the  "click" 
class,  which  are,  incidentally,  nuich  less  serious  so  far  as  inter- 
ference with  reception  is  concerned,  has  been  based  on  a  combina- 
tion of  directional  and  electrical  features  ingeniously  adapted 
to  the  desired  end. 

Apropos  of  the  differences  in  the  methods  of  elimination  of 
the  two  types  of  strays,  one  of  which  is  highly  vital  and  the  other 
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at  least  of  considerable  practical  importance,  it  may  be  stated 
that  a  new  scientific  instrument  has  been  produced  whereby  re- 
search in  the  radio  field  will  have  many  added  possibilities.  The 
elaborate  forms  of  antenna  systems  with  distributed  constants, 
with  directional  characteristics,  and  with  neutralizing  or  balanc- 
ing arrangements,  suggest  a  host  of  investigations  on  long-dis- 
tance transmission  and  reception.  A  large  amount  of  very 
important  work  of  this  sort  is  now  being  conducted  and  will 
undoubtedly  be  made  public  when  properly  collated. 

George  H.  Clark:  The  most  pleasant  duty  to  which  I  have 
ever  been  assigned  during  my  association  with  the  Navy  Depart- 
ment has  been  to  follow  the  progress  of  Mr.  Weagant's  work  on 
the  static  eliminator.  It  has  indeed  been  a  pleasure  to  watch 
the  development  of  so  practical  an  invention,  worked  out  on 
such  highly  technical  lines.  Mr.  Weagant,  as  one  might  expect 
from  the  nature  of  his  invention,  has  obtained  a  perfect  balance 
between  theory  and  practice. 

I  consider  that  this  invention  is  one  of  the  most  fundamental 
and  far-reaching  ever  made  in  the  realm  of  radio  telegraphy, 
ranking  with  the  few  that  really  mark  the  milestones  of  the  art. 
There  will  undoubtedly  be  many  developments  made  in  the  near 
future  along  the  same  general  lines,  and  hence  I  am  all  the  more 
glad  that  it  has  been  my  privilege  to  assist  in  these  pioneer  tests. 

A  little  over  a  year  ago,  I  was  ordered  by  the  Department  to 
witness  and  report  on  a  system  of  static  elimination  on  test  at  the 
Marconi  Belmar  station.  _  Of  so-called  static  eliminators  there 
had  been  many  in  the  past,  all  failing  in  their  purpose,  and  so 
my  expectations  of  this  new  claimant  in  the  field  were  not  great. 

On  arriving  at  the  station,  which  was  a  rough  little  shack  of 
the  standard  Marconi  coast  station  type,  I  saw  a  number  of 
pieces  of  apparatus,  very  crudely  wired,  and  many  of  obviously 
home-made  origin.  It  was  a  cloudy  day,  with  frequent  lightning 
flashes  around  the  horizon,  a  typical  day  for  "summer  static." 
Two  large  rectangles  of  wire  supported  by  the  tall  masts  of  the 
Belmar  main  station  formed  two  loop  antennas,  each  of  these 
leading  into  the  shack  by  connecting  pole  lines.  Listening  in 
on  one  of  these  loops  alone,  static  was  deafening,  so  loud,  indeed, 
that  not  a  trace  of  signal  of  any  sort  could  be  heard.  Mr. 
Weagant  threw  a  switch,  and  even  with  this  crude,  preliminary 
apparatus  static  died  down  to  a  weak  murmur,  and  the  signal 
became  clearly  readable.  I  consider  that  this  demonstration 
was  the  most  impressive  one  I  have  ever  witnessed. 
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During  the  rest  of  the  week,  static  continued  very  strong, 
and  many  experiments  were  made.  Small  concentrated  in- 
ductances, ground  aerials,  different  forms  of  tuner  connections, 
and  so  on,  were  tried,  and  in  all  tests  a  remarkable  increase  in 
signal-static  ratio  was  obtained,  whether  this  ratio  was  measured 
in  terms  of  audibilit}'  or  of  readability. 

Later  tests  were  carried  on  at  the  main  Belmar  station,  in 
an  attempt  to  make  the  system  more  practical  for  the  operator. 
The  first  changes  lessened  the  efficiency  of  the  sj^stem  to  a  marked 
degree,  but  Mr.  Weagant  persisted  in  his  experiments,  trying 
one  thing  after  another,  until  the  reason  for  the  failure  was  clearly 
shown.  During  this  work,  I  had  more  than  once  to  fall  back  on 
my  faith  based  on  the  first  week's  showing. 

It  became  difficult  to  make  further  tests  at  Belmar,  as  the 
Navy  Department  wished  to  use  it  for  war-time  communication, 
so  the  experimental  work  shifted  to  Miami,  Florida.  Here 
Mr.  Weagant  demonstrated  that  his  anah'sis  of  the  failures  at 
the  Belmar  station  was  correct,  and  the  new  Miami  circuits 
worked  much  better  than  the  original  one.  As  a  result  of  these 
successful  tests,  a  commercial  form  of  receiving  station  was 
erected  at  Lakewood,  New  Jersey,  the  behavior  of  which  during 
the  summer  months  of  1918  amply  justified  the  claims  of  the 
inventor. 

Mr.  Weagant  has  omitted  the  human  interest  from  his  ac- 
count of  the  ]\Iiami  work.  Yet  I  can  well  remember  the  hours 
I  spent  in  a  drygoods  box,  miles  out  in  the  desert,  waiting  for 
the  Weagantian  command  to  vary  coil,  or  condenser,  or  reverse 
the  ever-inverted  switch.  Again,  Mr.  Weagant  in  his  paper 
has  referred,  quite  casually,  to  the  tinfoil-coated  pasteboard 
tubes  which  covered  the  connecting  leads.  Yet  the  actual 
construction  of  this  was  far  from  being  a  casual  affair.  To 
direct  the  activities  of  fifty  colored  workers,  and  to  keep  them 
all  engaged  in  placing  sheets  of  tinfoil,  one  foot  square,  over  six 
miles  of  pasteboard  tubes,  was  a  task  not  unworthy  of  the  most 
determined  investigator.  At  night,  especially,  this  long  line 
of  silver,  gleaming  in  the  Florida  moonlight,  seemed  more  like 
a  monument  to  J\Ir.  Weagant 's  persistency  than  a  part  of  a  radio 
system. 

I  wish  to  take  this  opportunity  of  referring  to  the  painstaking 
logical  way  in  which  Mr.  Weagant  has  worked  out  his  prolilem. 
His  skill  as  an  investigator  and  experimenter  has  equalled  his 
ability  as  an  inventor.  But,  above  all,  he  is  one  of  the  few  in- 
vestigators who,  when  confronted  with  facts  at  variance  with 
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theory,  would  dismiss  the  theory  rather  than  the  facts.     Such 
investigators  are  rare;  hence  such  results  are  rare. 

Ernst  F.  W.  Alexanderson:  I  feel  rather  bewildered  to  dis- 
cuss such  a  complicated  and  deep  subject  as  Mr.  Weagant  has 
presented  in  his  paper.  ]\Iany  times  when  I  have  been  talking 
with  Mr.  Weagant  about  this  subject,  without  knowing  the 
details  of  his  work,  I  have  said:  "I  certainly  do  hope  that  you 
are  right  and  that  the  developments  will  prove  to  be  all  that 
you  expect  them  to  be." 

Almost  every  radio  engineer  must  plead  guilty  of  having  at 
some  time  or  other  thought  that  he  had  a  solution  for  the  static 
problem,  onh'  to  find  later  that  he  was  more  or  less  mistaken, 
usually  more  so. 

Now,  what  is  encouraging,  in  a  very  great  degree,  in  Mr. 
Weagant's  paper,  is  that  he  gives  us  a  key  to  the  solution  by 
announcing  that  he  has  found  a  new  law  of  nature.  Up  to  the 
time  that  I  had  heard  it  rumored  that  ]\Ir.  Weagant  had  found 
a  new  law  of  nature,  I  was  afraid  that  he  might  be  in  a  class  with 
the  rest  who  had  failed  in  their  efforts.  Well,  I  had  a  sinking 
of  the  heart  when  he  said  that  perhaps  his  theory  is  not  alto- 
gether proven,  perhaps  it  is  not ;  but  the  evidence  that  he  has 
presented  to  us  is  so  convincing  that  I  hope  we  will  find  that 
a  ver}'  material  advance  has  been  made. 

Mr.  Weagant,  and  particularly  now  Mr.  Sarnoff,  have  pointed 
out  the  great  importance  of  a  static  eliminator  in  radio  telephony. 
Radio  telegraph}'  has  l>een  very  reliable  during  the  recent  years 
in  trans-Atlantic  communication. 

I  may  mention,  in  this  connection,  that  I  happened  to  be  in 
the  New  Brunswick  radio  station,  when  a  call  suddenly  came 
from  Washington,  that  a  set  was  needed  immediately,  and  the 
station  operator  immediately  came  in  and  said  that  the  station 
was  calling  Germany.  It  was  the  first  time  since  the  war  that 
Germany  had  been  called  by  a  United  States  radio  station ;  and 
the  message  that  went  was  the  important  announcement  of 
President  Wilson,  stating  that  the  United  States  could  not  deal 
with  German}'  under  its  present  form  of  Government,  upon 
which  announcement  the  abdication  of  the  Kaiser  followed. 

This  bears  out,  further,  what  Mr.  Sarnoff  has  touched  upon, 
that  radio  has  broken  the  precedents  of  international  practice, 
by  permitting  direct  communication  between  the  responsible 
parties  in  the  belligerent  nations,  thereby  short-circuiting  the 
usual  channels  of  diplomacy. 
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President  Wilson  is  now  on  the- sea,  and  arrangements  have 
been  made  whereby  telephone  messages  are  being  sent  to  the 
President  every  day.  This  apparently  has  nothing  to  do  with 
Mr.  Weagant's  paper  directly,  but  Mr.  Sarnoff's  discussion  leads 
the  thought  from  one  to  the  other,  and  that  is  that  the  use  of 
radio  telephony  across  the  ocean  is  limited  in  its  possibilities 
by  the  degree  to  which  static  can  be  eliminated. 

I  wish  I  had  with  me  a  photograph  which  I  was  examining 
on  the  train;  a  photograph  of  the  radiated  waves  from  the  New 
Brunswick  station — being  the  electrical  equivalent  of  Secretary 
Daniel's  voice  when  he  was  speaking  to  PresidentWilson  on  his 
way  over.  We  hope  that  in  the  future,  when  the  best  kind  of 
receiving  devices  are  in  existence  on  both  continents,  that  many 
such  photographs  will  be  taken  of  the  rulers  of  the  world. 

David  Sarnoff:  Some  time  ago,  I  asked  ]\Ir.  Weagant  to 
tell  me,  if  he  could,  the  particular  thought  or  idea  responsible 
for  his  faith  in  the  ultimate  solution  of  the  static  problem. 
I  asked  the  question  specifically,  because  of  the  apparent  dis- 
belief of  so  many  others  that  a  real  solution  of  this  vexatious 
problem  could  be  obtained. 

In  answer  to  my  question,  INIr.  Weagant  stated  that  he  had 
always  considered  Nature  reasonable  and  logical;  it  followed. 
therefore,  that  it  would  not,  on  the  one  hand,  bestow  upon  man- 
kind a  boon,  such  as  electrical  communication  thru  space;  and, 
on  the  other  hand,  place  in  its  way  a  deadly  barrier  such  as  static 
has  been,  without  offering  means  of  nullifying  it  and  attaining 
the  full  advantages  that  space  communication  offers  to  the  world. 

It  was  this  implicit  faith  in  the  justice  of  Nature  which 
spurred  Mr.  Weagant  on  in  his  determination  to  master  the 
disturbing  elements.  The  task,  has,  perhaps  helped  to  add 
a  few  gray  hairs  to  his  otherwise  young  head.  He  has  told  you 
himself  how  he  reached  his  goal,  and  I  merely  wish  to  call 
attention  to  the  original  inspiration  and  conviction,  characteristic 
of  the  man. 

In  my  judgment,  the  elimination  of  static  interference  marks 
the  most  important  practical  advance  in  the  radio  art  since 
Marconi's  original  invention. 

International  radio  telegraphic  communication,  a  child  of 
the  past,  will  now  grow  rapidly  to  sturdy  manhood.  Radio 
telephony  over  long  distance  and  across  the  oceans — imjiractic- 
able  heretofore — is  now  in  full  view,  and  conunercial  ladio 
telephone  service  l)etween  the  United  States  and  iMuope  may 
confidently  be  expected. 
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Think  what  this  means.  .  Electric  signaling,  now  more  than 
three-score  years  old,  has  not  provided  means  for  talking  to  our 
friends  across  the  great  oceans.  Whatever  we  had  to  say,  others 
said  for  us  by  telegraph  code.  And  now,  for  the  first  time  in 
the  history  of  electrical  science,  the  spoken  word  may  be  uttered 
by  us  in  our  own  language  and  heard  by  the  desired  ears  across 
the  oceans.  I  predict  that  trans-oceanic  radio  telephony  will 
in  time  revolutionize  international  business,  and  diplomatic  and 
social  intercourse  in  the  same  way  that  the  Bell  telephone  revo- 
lutionized our  daily  affairs  on  this  continent. 

Mr.  Weagant  made  reference  in  his  paper  to  the  possibilitj' 
of  conducting  long  distance  radio  communication  with  less  power 
at  the  transmitter  than  is  now  generally  employed.  This,  it 
seems  to  me,  should  logicalh'  follow  as  one  of  the  results  of  his 
great  invention,  and  one  is  now  justified  in  expecting  that,  before 
long,  communication  across  the  Atlantic  may  be  carried  on 
successful!}'  with  transmitters  of,  say  roughly,  fifty  kilowatts, 
or  perhaps  less,  and  receivers  of  the  compact  type  described  by 
J\Ir.  "Weagant. 

Nothing  brings  nations  and  peoples  closer  together  than 
reliable,  rapid,  and  cheap  communication,  and  radio  now  prom- 
ises to  be  the  international  courier,  fulfilling  these  three  vital 
requirements. 

The  present  high  cable  rates  between  widely  separated  coun- 
tries have  limited  the  amount  of  news  or  press  matter  exchanged 
between  the  United  States  and  such  countries  as,  for  example, 
China,  Japan  and  Australia.  The  mail  service  is,  of  course,  too 
slow  to  record  important  events. 

With  the  elimination  of  static  interference  and  the  possi- 
bilitj'  of  reduced  power  at  the  transmitters,  it  is  conceivable  to 
me,  and  no  doubt  to  many  others,  that  two  or  three  long  distance 
transmitting  stations,  located  in  the  most  important  and  suit- 
able parts  of  the  world,  could  be  devoted  to  the  exclusive  trans- 
mission of  daily  news  or  press  matter,  broadcasted  to  all  the 
countries,  where,  with  the  use  of  the  proper  receiving  sj'stem, 
the  ])roadcast  messages  could  be  received  by  all  and  published  in 
the  press  of  the  world. 

Cable  companies  and  the  interests  they  represent  have  long 
made  use  of  their  favorite  argument  that  communication  by 
radio  is  not  secret,  and  whereas  by  cables  it  is.  Of  course,  I  need 
not  tell  you  practical  men  that  no  sj'stem  of  communication  is 
reall}^  secret;  but  the  very  fact  that  several  transmitting  stations 
can  simultaneousl}'  communicate  with  the  entire  world,  gives  to 
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radio  an  advantage  that  the  cables  never  had  and  never  can 
possess. 

Philip  E.  Edelman  (by  letter)  :  Having  recently  completed 
similar  work  with  different  means  I  was  naturally  much  inter- 
ested in  ]\Ir.  Weagant's  paper,  and  would  like  to  ask  Mr. 
Weagant  whether  he  has  been  able  to  balance  out  strays  other 
than  "grinders,"  and  if  "clicks"  are  eliminated  or  not? 

As  described,  apparently  the  plan  would  be  limited  to  a  fixed 
wave  length  to  keep  the  correct  loop  spacing,  but  doubtless  could 
be  worked  out  into  the  same  flexibility  as  the  usual  old  style 
receiving  stations. 

The  correct  explanation  seems  to  me  to  be  that  the  single  turn 
loops  shown  are  directional  with  respect  to  strays  as  well  as 
signals.  Experiment  shows  that  a  vertical  loop  oriented  east 
and  west  does  not  usually  receive  the  same  strays  as  one  in  the 
same  position,  but  oriented  north  and  south,  does.  If  strays  came 
only  directly  from  above  and  below,  as  seemingly  stated,  it  would 
appear  that  two  loops  placed  at  right  angles  to  each  other  would 
also  get  the  same  strays  simultaneously.  Experiment  shows 
that  this  is  not  the  case,  for  simultaneous  records  prove  that  one 
loops  receives  strays  the  other  does  not.  Accordingly,  it  makes 
no  difference  where  the  strays  come  from,  because  all  three  loops 
are  oriented  the  same  and  receive  only  such  portion  of  the  strays 
as  come  within  their  directional  locus.  All  strays  originating 
from  a  sufficient  distance  can  accordingly  be  balanced  out 
whether  they  come  from  overhead  or  under  foot  or  at  any  angle 
in  the  receiving  cone  of  the  loops. 

The  loop  apparently  owes  its  directional  property  to  the  fact 
that  for  maximum  induced  current  therein,  it  is  essential  that 
the  advancing  waves  cut  the  tin-n  of  the  looj)  at  right  angles 
thereto,  which  means  that  the  axis  must  be  in  alignment  with 
the  shortest  distance  to  the  transmitting  station  or  source  of 
strays.  Waves  from  other  sources  at  other  angles  to  the  axis 
have  a  lesser  effect,  roughly  (Moximum)  cos  a,  where  a  is  the 
angle,  until  at  right  angles  there  is  no  effect  and  this  proves  to 
be  the  case  experimentally.  Accordingly  part  of  the  stray  miti- 
gation is  due  to  the  fact  that  strays  arriving  from  sources  outside 
of  the  cone  of  the  loop  have  slight  if  any  effect  thereon  in  the 
first  place.  Such  as  do  affect  the  three  loops  in  alignment  ap- 
parently affect  all  alike  and  can  be  balanced  out.  A  similar 
argument  would  appear  to  hold  for  a  linear  ungrounded  antenna 
such  as  Mr.  Weagant  shows. 
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I  would  like  to  ask  what  operating  ratios  of  signal-to-stray 
audibilities  were  obtained  under  the  new  method  of  measure- 
ment outlined  and  how  they  compared  with  the  usual  old  method 
of  audibility  measurement.  The  latter  is  notoriously  not  pre- 
cise because  depending  upon  the  sensibility  of  the  operator's 
ear  which  varies  widely  in  different  people. 

This  is  an  excellent  demonstration  of  stray  mitigation,  but 
still  leaves  many  problems,  not  the  least  of  which  is  the  so  called 
"fading"  effect.  Even  if  total  stray  elimination  could  be  effected 
at  the  receiver,  the  media  between  the  transmitter  and  receiver 
remain  outside  control,  so  that  signals  can  still  fade  erratically 
due  to  fluctuations  therein. 
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A  NEW  METHOD  OF  USING   CONTACT  DETECTORS 
IN  RADIO  MEASUREIMENTS* 

By 

Louis  W.  Austin 
(United  States  Navai,  Radio  Laboratory,  Washington) 

For  many  measurements  in  radiotelegraphy  it  is  necessary 
to  use  a  radio  frequency  current  indicator  of  known  resistance. 
If  the  current  to  be  measured  is  small,  it  is  generally  customary  to 
use  a  thermoelement  and  galvanometer.  The  most  sensitive 
thermoelements  are  either  of  the  vacuum  type  or  the  welded 
tellurium  type.  The  vacuum  thermoelements  can  be  obtained  of 
any  desired  resistance  and  are  very  sensitive,  but  are  slow  in 
action  and  frequently  show  a  bad  zero  drift.  In  addition,  the 
deflection  usually  shows  considerable  divergence  from  the  cur- 
rent-square law.  The  tellurium  platinum  elements  are  quick  act- 
ing and  follow  the  current-square  deflection  law  with  sufficient 
accuracy  for  all  practical  purposes.  They  are,  however,  so  fragile 
and  difficult  to  manufacture  and  transport  that  no  manufacturer 
has  yet  undertaken  to  supply  them  commercially.  It  is  also 
impossible  to  make  the  contact  resistance  much  less  than  10 
ohms.  It  is  to  be  noted  that  the  resistance  in  both  the  vacuum 
and  tellurium  types  changes  considerably  with  the  amount  of 
current  flowing. 

On  account  of  the  difficulties  mentioned,  the  sensitive  thermo- 
elements in  our  laboratory  have  been  replaced,  for  the  most  part, 
by  a  shunted  contact  detector  circuit  arranged  as  shown  in  Fig- 
ure 1.  HereL  C  is  any  oscillating  circuit  having  inductance  and 
capacity,  D  is  a  contact  detector,  G  a  high  resistance  galvanom- 
eter, K  a  paper  condenser  of  one  microfarad  capacity,  and  R 
a  resistance  which  may  have  any  value  from  0.1  to  100  ohms. 
The  greater  part  of  the  radio  frequency  current  passes  thru  h\ 
while  a  small  portion  is  shvmted  thru  the  condenser  K  and  the 
detector.  The  direct  current  from  the  detector  after  passing 
thru  the  galvanometer  returns  thru  R.  On  account  of  the  high 
resistance  of  the  detector,  the  total  resistance  of  the  dot(H'ting 

*  Received  by  the  Editor,  Deceml^er  23,  1918. 
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system  is  practically  identical  with  R,  as  has  been  experimentally 
tested  between  0.1  and  100  ohms. 

The  sensibility  of  this  arrangement  is  much  greater  than  that 
of  the  best  vacmmi  thermoelements  of  eciiiivalent  resistance. 


iwmm 


# 


R 
Figure  1 


R=0.l-IOO^ 
K  =  I  Mf  .^ 


In  the  case  of  most  of  the  well-known  detectors  the  propor- 
tionality between  deflection  and  current-square  is  excellent. 
Galena,  while  the  most  sensitive  of  any  of  the  detectors  tried, 
shows  a  slight  deviation  from  the  square  law.  For  absolute 
current  measurements  the  system  may,  of  course,  be  calibrated 
by  comparison  with  a  known  thermoelement  at  the  time  of 
experiment. 

Since  the  fraction  of  the  total  current  passing  thru  the  de- 
tector is,  for  a  wide  range,  practically  proportional  to  the  shunt 
resistance,  it  is  possible  to  calibrate  the  apparatus  approximately 
with  a  1-ohm  shunt  which,  with  a  galvanometer  of  a  sensitivit}^ 
of  5X10"~^  amperes,  and  with  an  average  silicon  detector  gives 
a  deflection  of  1  millimeter  for  about  2X 10  ~"^  amperes  radio 
frequency  current.  Thus  300  millimeters  on  the  galvanometer 
scale  represent  about  34XlO~'^  amperes.  This  can  be  read  con- 
venienth'  on  the  small  hot-wire  instruments  found  in  most 
laboratories,  which  give  full  scale  deflection  for  from  80  to  100 
milliamperes.  The  shunted  detector  can  then  be  used  for  other 
shunt  values  by  dividing  the  sensibility  by  the  shunt  ratio. 

The  following  table  gives  the  approximate  radio  frequency 
current  required  for  1  millimeter  deflection  on  a  galvanometer 
having  a  direct  current  sensibility  of  5X 10  ~^  amperes.  If  the 
sensibility  is  5XlO~^°,  1  millimeter  with  a  100-ohm  shunt  will 


represent  approximately  6X10"*"  amperes,  radio  frequency  cur- 
rent. The  third  column  gives  the  maximum  radio  frequency 
current  which  can  be  safely  sent  thru  the  system  without  danger 
of  materially  changing  the  detector  resistance.  The  values  are 
based  on  a  detector  resistance  of  3,000  ohms  and  a  maximum 
safe  detector  current  of  12X10~^  amperes.^ 

TABLE  I 

Approximate  R.  F.  Sensibility  and  Maximum  R.  F. 
Current  for  Various  Shunts  with  a  Silicon  Detector. 


Shunt 
(Ohms) 

R.  F.  Sensibihty 
(10-*^  Amperes) 

Maximum 
R.  F.  Current 
(10  ~^  Amperes) 

1 

5 

10 

25 

50 

■     100 

2,000 

400 

200 

80 

41 

21 

36,000 

7,200 

3,600 

1,400 

710 

360 

Of  course,  much  larger  currents  can  be  used  with  good  propor- 
tionality between  deflection  and  current  square  provided  exact 
constancy  of  resistance  is  not  required. 

In  using  this  circuit  care  may  be  taken  that  there  is  no 
direct  action  of  the  outside  driving  circuit  on  the  detector  shunt 
loop  D  K  R. 

SUMMARY:  An  arrangement  for  using  crystal  detectors  in  radio  measure- 
ments is  shown.  It  is  based  on  the  original  use  of  a  low  resistance  shunt  across 
detector  and  galvanometer  and  calibration  of  the  arrangement  using  r.f. 
currents  which  can  be  measured  with  hot-wire  instruments.  By  increasing 
the  shunt  resistance,  the  necessary  much  higher  sensibility  is  directly  obtained. 
Performance  data  are  given. 


^See  "Contact    Rectifiers  of  Electric  Currents,"  "Bulletin — Bureau  of 
Standards,"  volume  5,  1908,  page  133,  Reprint  94. 
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THE    POSSIBILITIES    OF    CONCEALED    RECEIVING 

SYSTEMS* 

By 
A.  HoYT  Taylor 

(Professor  of  Physics,  University  of  North  Dakota)! 

No  one  who  has  had  any  considerable  experience  with  con- 
tinuous wave  receivers  can  fail  to  note  the  remarkably  loose 
coupling  which  may  be  successfully  employed  between  the 
antenna  circuit  and  its  secondary. 

Some  time  ago,  it  occurred  to  the  writer  that  even  for  long 
distance  reception  it  ought  to  be  possible  to  dispense  with  the 
antenna  and  ground  connection  by  expanding  the  secondary 
circuit  into  a  form  which  would  cut  sufficient  magnetic  lines  in 
the  wave  to  give,  with  a  sensitive  receiver,  readable  signals. 
The  excuse  for  reporting  these  experiments  is  that  while  the 
principles  involved  are  not  new,  the  results  obtained  have  been 
rather  surprising,  and  indicate  possibilities  which  may  have 
been  overlooked  by  some  earlier  experimenters. S  "• 

The  secondary  circuit  of  the  receiving  set  at  ''9XN"  (Grand 
Forks,  North  Dakota)  was  accordingly  replaced  by  a  rectangle 
10  feet  (3  meters)  square,  of  40  turns  of  number  27  double  cot- 
ton covered  wire.^  The  rectangle  was  hung  up  inside  a  room  in 
a  brick  and  steel  building  which  is  full  of  wiring  conduits  and 
gas,  water,  and  steam  piping. 

Audible  signals  from  ''NAA"  (Arlington,  Virginia),  ''WSL" 
(Sayville,  Long  Island),  "WGG"  (Tuckerton,  Now  Jersey), 
and  "NAJ"  (Great  Lakes,  Illinois),  were  received.^     The  turns 

*  Received  by  the  Editor,  July  S,  1916.  This  paper  will  ho  followed  in 
early  issues  of  the  Proceedings  by  three  papers  by  Commander  Taylor  on 
the  use  of  ground  \vire  systems,  the  elimination  of  strays,  and  remote  control 
stations. — Editor. 

fNow  Lieutenant-Commander,  United  States  Navy. 

'F.  Braun,  "Jahrbuch  der  drahtlosen  Telesniphie  und  Telephonic," 
January,  1914. 

-Pickard,  "Electrical  Review,"  50. 

•■'Diameter  of  number  27  wire  =0.0142  inch=0.3G  mm. 

■•(The  distances  from  CJrand  Forks  of  each  of  the  stations  mentioned  are 
respectively  1,210  miles  (1,9.50  km.),  1,190  miles  (1,91.5  km.),  1,170  miles 
(1,885  km.),  and  620  miles  (995  km.)  practically  all  over  flat  country,  one 
moderately  hif>h  mountain  ranjie  intervening;  in  the  first  three  cases.  Arling- 
ton is  equipped  with  a  6()-kilowatt  arc  set  and  a  100-kilowatt  spark  set,  Say- 
ville with  a  100-kiiowatt  alternator-frequency  changer  set,  and  Tuckerton  with 
a  60-kilowatt  arc  set. — Editor.) 
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of  this  rectangle  were  evidently  too  close  together,  giving  a  bad 
distributed  capacity'  effect.  A  new  rectangle  with  the  wires 
wound  side  by  side  in  a  flat  band  gave  better  results,  and  a  third 
one  with  16  turns  spaced  about  2  millimeters  (0.08  inch)  apart 
gave  such  satisfactory  reception  of  all  waves  from  2,500  meters 
up  that  it  was  decided  to  continue  the  experiments  at  the 
writer's  home  where  the  rectangle  was  hung  up  in  a  tree  and 
arranged  so  that  it  could  be  rotated  so  as  to  take  advantage  of 
the  directive  effect.  It  was  found  unnecessary  to  have  the  lower 
wires  more  than  5  feet  (1.5  meters)  from  the  ground. 

Figure  1  shows  the  complete  receiving  system.  The  adjust- 
ments are  very  simply  made  by  simultaneous  variation  of  the 
condenser  C  and  the  plate  circuit  inductance  L.    The  bulbs  used 


3M 


Figure  1 — Wiring  of  Receiver 


were  cylindrical,  with  cylindrical  plate,  spiral  grid,  and  two 
straight  filaments,  only  one  of  which  was  used.  Nineteen  of 
these  bulbs  were  tested,  and  only  one  found  which  with  proper 


choice  of  high  potential  battery  and  heating  current  failed 
to  give  satisfactory  results.  The  voltages  used  on  different 
bulbs  were  found  to  vary  between  22  and  40  volts,  and  the 
filament  current  from  0.78  ampere  to  0.90  ampere.  For  any 
one  bulb,  the  adjustments  were  exceedingly  constant  and  certain 
of  duplication.  The  writer  regrets  to  report  that  attempts  to 
measure  audil^ilities  by  the  shunted  telephone  method,  using 
a  Brandes  3,200  ohm  telephone  receiver,  were  not  very  successful, 
since  the  bulbs  began  to  give  the  siren  effect  as  soon  as  the 
shunt  was  reduced  to  between  100  and  300  ohms.  Shunts  were 
occasionally  made  with  two  receivers  in  series.  For  Arlington 
working  on  6,000  meters  by  daylight,  this  shunt  was  usually 
about  200  ohms  when  they  were  working  with  "NBA"  (Darien, 
Panama  Canal  Zone).  The  writer  is  of  the  opinion  that  such 
shunts  cannot  readily  be  translated  into  audibilities,  since 
shunting  a  receiver  unquestiona]:)ly  affects  the  conditions  of 
oscillation  in  the  bulb,  and  the  effectiveness  of  the  shunt  depends 
on  the  pitch  of  the  signal  observed.  Bulbs  giving  equally  loud 
signals  will  shunt  down  to  very  different  values. 

Observations  were  begun  in  the  latter  part  of  April,  1916, 
and  daylight  signals  from  Arlington,  Virginia;  Key  West, 
Florida;  Darien,  Panama  Canal  Zone;  Sayvilie,  Long  Island; 
Tuckerton,  New  Jersey;  Great  Lakes,  Illinois;  New  Orleans, 
Louisiana;  San  Diego,  California;  Bolinas,  California,  and 
South  San  Francisco,  California,  were  always  readily  readable 
when  the  plane  of  the  rectangle  coincided  with  the  direction 
from  which  the  waves  arrived.  The  distance  from  Darien  is 
3,000  miles  (4,800  km.).  During  June  and  July,  the  strays 
prevented  the  reception  of  Bolinas  and  very  often  of  South  San 
Francisco.  The  most  remarkable  performance  was  the  almost 
daily  reception  of  the  2,500  meter  mid-day  time  signals  from 
Arlington  up  to  date  (July  6).  The  tone  of  the  spark  was  de- 
stroyed, as  it  was  absolutely  necessary  to  have  the  bulb  oscillating 
in  order  to  get  the  signals. 

The  7 :30  P.  M.  Central  time  press  reports  sent  out  on  the  same 
wave  length  were  copied  nearly  every  day  up  to  June  15,  altho 
it  is  broad  daylight  here  at  that  hour. 

In  connection  with  these  results  it  may  be  pointetl  out  that 
the  efficiency  of  a  receiving  system  in  the  period  of  summer 
strays  depends  not  so  much  on  the  absolute  audibility  of  the 
signals  as  on  their  relative  audibility  as  compared  with  strays 
and  other  cHsturbances.  In  this  respect,  the  rectangle  has  a 
very  great  advantage.     If  the  strap's  are  equally  distributed 
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from  all  points  of  the  compass,  the  rectangle,  owing  to  its  di- 
rectivity, cuts  out  a  considerable  part  of  them. 

The  selectivity  may  of  course  be  greatly  increased  by  using 
a  variable  condenser  in  series  with  the  rectangle  and  adding 
an  inductive  coupler.  The  set  then  becomes  a  standard  set 
with  the  antenna  and  ground  replaced  by  rectangle  and  variable 
condenser.  The  signals  are  about  50  per  cent,  stronger  when  all 
adjustments  are  carefully  made,  and  the  strays  are  a  little 
weaker.  Such  an  arrangement  was  used  when  working  at  night, 
when  an  arc  light  less  than  300  feet  (100  m.)  distant  created  bad 
interference  below^  6,000  meters.  With  this  standard  and  well- 
known  arrangement,  however,  the  set  loses  the  prime  advantage 
of  simplicit^^  The  operation  involves  just  tT\'ice  as  many 
adjustments. 

Experiments  were  continued  with  two  other  rectangles, 
each  of  sixteen  turns  wound  edgewise,  or  in  the  plane  of  the 
rectangle.  One  rectangle,  having  an  area  of  103  square  feet 
(9.57  sq.  m.)  was  hung  against  the  east  and  west  wall  ot  a  second 
floor  room,  and  the  other,  of  77  square  feet  (7.15  sq.  m.)  area 
was  hung  against  the  north  and  south  wall.  Figure  2  shows  the 
connection  used.  By  clos'ng  the  switch  Si  and  throwing  the 
switch  S2  to  the  left,  the  east-and-west  rectangle  could  be  used; 
by  closing  S3  opening  Si  and  throwing  S2  to  the  right  the  north- 
and-south  rectangle  was  in  circuit;  by  opening  Si,  throwing  S3 
to  the  right  and  closing  S2  to  the  left  both  rectangles  were  in 
service,  and  so  connected  as  to  have  directivity  to  the  southeast. 
By  reversing  the  connections  of  the  north  and  south  rectangle 
(by  throwing  S3  to  the  left)  the  resultant  directivity  could  be 
changed  from  northwest  and  southeast  to  southwest  and  north- 
east. With  this  arrangement  signals  from  all  points  of  the 
compass  could  be  received  with  a  fair  degree  of  directivity. 

This  set  permits  most  of  the  selective  advantages  of  the 
single  rotary  rectangle  in  a  convenient  and  easily  concealed 
permanent  installation.  The  rectangles  may  be  readily  con- 
cealed behind  a  tapestry  or,  if  need  be,  inside  of  the  wall,  except 
in  the  case  of  steel  structures  where  they  could  not  be  used 
inside  for  reception  over  distances  greater  than  500  miles  (800 
km.)  depending  on  the  type  of  building  and  its  surroundings. 

An  example  of  the  usefulness  of  the  two  rectangle  combina- 
tions may  be  cited.  AVhen  Darien  19  degrees  southeast  from 
Grand  Forks  is  sending  at  the  same  time  as  south  San  Francisco 
58  degrees  southwest,  there  is  no  interference  even  on  the  same 
wave  length  if  the  switch  S3  is  thrown  so  as  to  give  southwest 
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directivity  in  the  one  case  and  southeast  in  the  other.  Similar 
results  were  obtained  in  ehminating  interference  between  Arling- 
ton and  Bolinas.  The  southeast  combination  eUminates  San 
Diego  while  the  southwest  combination  greatly  weakened 
Arlington  signals  altho  thej'  were  still  readable.  If  Arlington 
and  San  Diego  were  sending  simultaneoush',  the}'  could  readih' 
be  separated. 
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!^ 


To 
Receiver 

T 

Figure  2 — Double  Loop  Arrangement 
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For  best  results,  the  two  rectangles  should  be  separated  so 
as  to  cut  no  common  flux,  altho  this  was  not  done  in  the  experi- 
ments here  described. 

With  a  single  rectangle  of  16  turns,  a  loading  coil  was  used 
above  3,500  meters,  and  also  with  two  rectangles  above  5,000 
meters.  A  larger  and  variable  number  of  turns  on  the  rectangle 
will  permit  the  omission  of  the  loading  inductance  and  a  maximum 
reception  at  all  waves.  The  latter  is  of  no  great  advantage 
after  a  certain  number  of  turns  have  been  reached,  as  the  gain 
in  signal  strength  is  no  longer  jiroportional  to  the  number  of 
turns,  Sayville,  distant  1,170  miles  (1,885  km.),  could  bo  read 
with  5  turns,  on  one  rectangle,  in  the  evening,  during  April. 

Reception  with  the  rectangles  was  compared  from  time  to 
time  with  reception  on  the  regular  set  at  Grand  Forks,  using  the 
800-foot  (243  meters)  three-wire  antenna  the  far  end  of  which 
is  120  feet  (37  meters)  high,  and  near  end  60  feet  (18  motors) 
high.     Altho  the  signals  at  Grand  Forks  are  very  much  louder, 
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they  are,  with  few  exceptions,  not  so  readable  thru  the  summer 
straj^s. 

The  advantage  of  the  set  here  described  may  be  summarized 
as  follows;  it  is  cheap;  compact;  immune  from  storm  damage; 
sufficiently  sensitive;  thoroly  reliable;  simple  in  adjustment; 
and,  by  its  directivity,  partially  eliminates  strays  and  reduces 
interference.  Moreover,  it  is  readily  concealed,  if,  for  military 
or  other  reasons,  it  is  desirable  to  do  so. 

SUMMARY:  A  closed  3-meter  square  loop  of  16  turns  of  wire,  hung  about 
1.5  meters  from  the  ground,  was  used  for  long  distance  reception  with  an 
oscillating  audion.  Daylight  overland  reception  from  stations  as  distant  as 
3,000  miles  (4,800  kilometers)  was  regularly  accomplished. 

A  combination  of  two  similar  loops  was  also  employed,  and  considerably 
increased  the  directional  selectivity. 

The  inherent  directional  qualities  of  these  receivers  were  utilized  in  the 
reduction  of  strays  and  interference. 
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ON  MEASUREMENT  OF  SIGNAL  STRENGTH* 

By 

W.  H.  EccLEs,  D.Sc. 

(Professor  of  Applied  Physics  and  Electrical  Engineering,  City  and 
Guilds  of  London  Technical  College,  Finsbury,  England) 

The  theoretical  discussion  below  has  been  written  with  the 
object  of  emphasizing  the  difficulties  that  arise  in  the  interpreta- 
tion of  the  shunted  telephone  method.  Besides  this  difficulty  of 
interpretation,  it  is  notorious  that  the  measurements  by  the 
shunted  telephone  are  not  susceptible  of  accuracy.  Now  that 
the  War  is  over,  it  is  to  be  hoped  that  new  measurements  by 
improved  methods  will  be  attempted  and  that  those  to  whom 
will  fall  the  great  opportunity  of  carrying  out  the  work  will 
select  methods  capable  of  yielding  trustworthy  information. 

The  American  investigators  of  the  strength  of  signals  from 
great  distances  have  made  much  use  of  an  aural  method  of 
measurement  called  variously  the  ''shunted  telephone"  or 
"parallel  ohm"  method.  The  measurement  consists  in  connect- 
ing a  variable  resistance  across  the  telephones  and  finding  the 
value  of  the  resistance  that  will  just  reduce  the  sound  of  the 
signals  to  a  standard  intensity  called  the  unit  audiljility. 
This  value  substituted  in  a  formula  gives  a  number  called  the 
"audibility  factor."  "Unit  audibility"  is  defined  for  any  given 
set  of  apparatus  as  that  at  which  dots  and  dashes  may  just  be 
discriminated.  The  formula  used  by  L.  W.  Austin  and  by  J.  L. 
Hogan  for  calculating  the  audibility  factor  A  from  the  value  of 
the  shunt  is 

A=^-^±^  (1) 

where  S  is  the  resistance  of  the  shunt  in  ohms  and  R  the  impe- 
dance, or  perhaps  the  resistance,  of  the  telephones.  There  is 
some  doubt  about  accepted  usage  with  regard  to  the  symbol  R, 
but,  as  will  be  shown  later,  the  use  of  impedance  or  resistance  is 
less  material  than  will  at  first  sight  appear.  Where  it  is  helpful 
to  distinguish  the  two  cases  we  may  write 

*  Received  by  the  Editor,  February  25,  1919. 
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,_(Z+5) 


(2) 


The  typical  circuit  for  the  measurement  of  the  audibility 
factor  is  given  in  Figure  1.  It  will  be  oljvious  that  the  chief 
effect  of  varying  S  is  to  change  the  proportion  in  which  the 
pulsating  current  from  the  detector  divides  l^etween  S  and  the 
telephone.     But,  in  addition,  varj'ing  the  shunt  alters  the  resist- 


C 


Figure  1 


ance  in  series  with  the  detector,  and  the  shunt,  it  will  be  noticed, 
permanently  affords  for  radio  oscillations  a  path  additional  to 
the  condenser  C3.  However,  to  remove  this  defect,  it  has  been 
proposed  to  insert  a  choking  coil  in  the  lead  between  C3  and  the 
telephone  at  the  point  marked  /.  Sometimes  instead  of  includ- 
ing a  condenser  Cs  in  the  detector  circuit,  the  capacity  of  the 
telephone  leads  and  windings  is  entrusted  with  the  task  of  passing 
the  radio  oscillations,  the  telephone  then  replacing  C3. 

Let  us  imagine  that  continuous  ■  waves  are  being  received 
and  heterodyned  and  that  an  audible  note  is  being  produced  in 
the  telephone.  The  question  arises:  How  does  the  audio  fre- 
quency current  distribute  itself  between  the  telephone  and  the 
shunt?  We  shall  investigate  this  problem  by  supposing  that 
an  audio  sine  voltage  of  amplitude  V  exists  at  the  terminals  of 
the  parallel  circuit,  superposed  upon  a  .steady  component  which 
may  be  disregarded  in  the  analysis. 

The  circuit  and  its  vector  diagram  are  drawn  in  Figures  2  and 
3,  the  circuit  being  regarded  for  the  purpose  as  an  auto-trans- 
former with  resistance  coupling,  the  common  part  being  S  with  a 
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current  I+J  traversing  it,  the  telephone  having  a  current  J 
thru  it,  and  the  sine  current  of  amphtucle  /  being  the  current 
from  the  detector  smoothed  by  condenser  C3  and  choking  coil  y. 


Vs  I 


Figure  2 


Figure  3 


Fu-st  the  triangle  OPB  for  the  I  circuit  is  drawn;  it  may  be  of 
any  convenient  shape  for  trial  so  long  as  the  vector  SJ  is  shown 
less  than  81.  In  the  triangle  the  potential  drop  81  is  repre- 
sented by  OP  and  is  shown  as  made  up  by  the  applied  voltage 
OB  =  F  together  with  the  reaction  BP  =  ^/  from  the  secondary 
cuxujt.  This  latter  circuit  is  represented  by  the  right-angled 
triangle  OPC,  wherein  the  potential  drops  are  PB  =  ;SJ,  BC  =  /2/ 
and  CO  =  X/,  where  X  is  the  audio  reactance  of  the  telephone, 
ihese  are  shown  made  up  by  the  action  PO  =  ;S/  from  the  / 
circuit.  From  this  triangle  it  is  clear  that  OB  represents  ZJ  as 
well  as  F,  as  is  otherwise  evident. 

The  reactance  of  a  telephone  has  been  studied  in  great  detail 
by  many  observers,  and  especially  in  recent  years  by  A.  E.  Ken- 
nelly,  G.  W.  Pierce,  and  H.  A.  Affel.  From  these  researches  it 
IS  known  that  the  resistance  of  a  telephone  increases  with  fre- 
quency, while  the  reactance  undergoes  fluctuations  near  fre- 
quencies related  to  the  natural  frequencies  of  the  diafram.  The 
value  of  the  reactance  is  never  zero  or  negative,  and  as  the 
audibility  factor  in  a  definite  set  of  experiments  is  concerned 
with  only  one  frequency,  we  may  treat  both  R  and  X  as  positive 
constants. 

_  Now  in  the  practice  of  the  method  the  telephone  current  .7 
is  always  Ijrought  to  the  same  value,  namely,  that  giving  "unit 
audibility."  Therefore  OC,  CB  are  constant,  and  as  8  is 
varied,  BP  varies  in  simple  proportion.     The  ratio  of  OP  to  PB 


is  the  ratio  - 


It  is  the  ratio  of  the  current  from  the  tle(ector 
thru  the  parallel  circuit  to  the  cun-ent  giving  unit  audibiUty.     It 


will  be   called  the  strength  ratio  a,   so  that  (i  =  —  -      The  ratio 


CP 
PB 


S 


A,   the    aiidibihty   factor    according    to    equa- 


tion (1). 

When  the  current  /  from  the  detector  is  just  equal  to  J  the 
strength  ratio  is  unitj^  and  *S  must  be  infinite.  Then  P  is  at 
infinity  and  OP  is  parallel  to  BP.  Also  BP  and  CP  are  both 
infinite  and  the  limit  of  their  ratio  is  unity,  that  is  the  audibility 
factor  is  unity.  At  the  other  extreme,  when  the  current  from 
the  detector  is  verj'  great,  S  must  be  a  verj-  small  resistance  and 

OP        ,   CP 

very 


therefore    P    is 


near    to   B.      The   ratios 


and 


PB  PB 

are  then  both  infinite.     The  strength  ratio  is  not  equal  to  the 
audibihty  factor  except  near  the  limit  A  =  l. 

The  diagram  enables  the  connection  between  a  and  A  to  be 
expressed  easily.  It  is  only  necessary  to  write  down  the  well- 
known  trigonometrical  equations  for  the  cosine  of  the  angle 
OPC  in  terms  first  of  OP  and  OC  and  then  in  terms  of  OP,  PB, 
and  OB  in  order  to  obtain  the  relation 
..     f(A-DZ] 


a-  = 


I      R 


+2A-1 


(3) 


The  equation  is  exhibited  as  a  hyperbola  in  Figure  4,  which 
by  its  departure  from  the  dotted  line  indicates  that  the  value 
of ^, the  audibility  factor,  is  in  general  considerably  different  from 
that  of  a,  the  strength  ratio. 


Austin,  Hogan,  and  others  have  therefore  used  instead  of 
equation  (1)  as  the  definition  of  audibihty  factor  the  equation 

iZ+S) 


A'^ 


S 


(2) 


In  order  to  examine  the  connection  between  tliem  we  rewrite 
the  equations  in  the  form 

S(A-1)  =  R,    S(A'-1)=Z  (4) 

and  then  bv  division  obtain 


R 

Then  liy  sul)stitution  in  equation  (3)  we  get 

„==(.4'_i)=+2ii:^«+i 


(5) 


(6) 


This  is  a  rectangular  hyperbola  and  is  traced  in  Figure  5.  Com- 
parison with  the  dotted  line  proves  that  the  revised  definition 
of  the  audibilit}'  factor  still  differs  considerably  from  the  strength 
ratio.     However,  since  either  audibilitv  factor  is  reaclilv  com- 


FlGURE   5 


puted,  it  is  best,  when  the  strength  ratio  is  re(|uired,  to  compute 
A  OT  a'  first,  and  then  deduce  a  by  aid  of  the  appropriate  fornuila. 
This  method  of  measuring  audibility  can  be  applied  legiti- 
mately to  the  determination  of  the  variation  of  the  strength  of 
received  signals  from  a  moving  sending  station  such  as  a  ship, 
but  it  is  not  suitable  for  the  comparison  of  different  fixed  sta- 
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tions  having  different  note  frequencies.  In  what  follows,  it 
will  be  supposed  that  the  application  is  made  to  problems  of 
the  former  kind.  It  is  then  necessary  to  examine  what  radio 
quantity  the  audibility  factor  and  the  strength  ratio  actually 
measure. 

First  it  must  be  noticed  that  since  the  telephone  current  J  is 
alwaj^s  adjusted  by  ear  to  the  same  value,  the  terminal  voltage 
V  is  always  the  same.  Therefore  the  total  work  done  in  the 
telephone  and  shunt,  which  is  \VI  cos  <^,  where  (f>  is  the  phase 
angle  of  Figure  3,  depends  on  the  first  power  of  /.  The  power 
absorbed  by  the  antenna  is  5  {Ri-\-Ri')  Zr,  Ri  being  the  antenna 
resistance,  Ri  being  the  image  in  the  antenna  circuit  of  the 
detector  resistance,  and  7i  being  the  antenna  current  amplitude. 
The  proportion  of  this  power  passed  to  the  detector  is  5  ^1'  /r. 
Let  5y  be  the  efficiency  of  conversion  of  radio  energy  to  audio 
energy  by  the  detector.  Then  we  have  by  equating  the  ex- 
pressions obtained  above 

VlQos4>=r,Ri'li'  (7) 

The  image  resistance  i?/  depends  on  the  couplings  of  the  circuits 
between  the  antenna  and  the  detector,  and  therefore  these  ought 
always  to  be  rigidly  constant  in  the  application  of  the  method. 
Then  R/  and  T"  are  the  constants  in  this  formula,  and  introducing 
a,  the  strength  ratio,  we  may  put  a  J  for  I.     We  thus  obtain 

VJacoscf)  /  X 

ill  Yj 

If  y^  were  constant  the  energy  collected  by  the  antenna  would  be 
represented  perfectly  by  a  cos  4>  and  the  antenna  current  would 
be  proportional  to  the  square  root  of  a  cos  4> ',  but  r^  is  not  constant, 
tho  for  loud  signals  the  efficiency  is  practically  constant,  and  then 
we  conclude  that  the  square  of  the  antenna  current  is  measured 
by  the  quantity  acos<f>.  This  may  be  evaluated  from  Figure  3 
by  expressing  the  value  of  the  cosine  of  <f),  which  is  the  angle  BOP, 
in  terms  of  the  lengths  of  the  vectors.     We  obtain  the  equation 

''''^=         2aZS  ^^^ 

which  is  easily  evaluated  numerically  from  experimental  data. 
For  small  values  of  S,  that  is  for  loud  signals,  we  maj^  say  that 
approximateh^ 
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For  large  values  of  S,  that  is  for  faint  signals,  we  may  write 
approximately 


a  cos  0  = 


2aZ 


The  quantity  a  cos  (f>  may  be  called  the  audio  power  ratio.  If 
the  detector  were  of  the  same  efficiency  for  all  magnitudes  of 
radio  current,  this  quantity  would  also  be  the  radio  power  ratio. 
But  until  the  efficiency  is  thoroly  investigated  at  low  powers, 
the  extant  measurements  on  the  propagation  of  signals  to  great 
distances  cannot  be  confidently  interpreted. 

Some  progress  towards  this  interpretation  has  been  made  by 
B.  van  der  Pol.  Damped  trains  of  oscillations  were  induced  in 
a  typical  receiving  circuit  by  means  of  a  variable  magnetic  coup- 
ling with  a  circuit  in  which  constant  oscillations  were  being  pro- 
duced. The  calibration  of  the  mutual  inductance  gave  the  rela- 
tive magnitudes  of  the  oscillatory  current  passed  to  the  detector 
at  various  settings.  The  receiving  circuit  contained  a  shunted 
telephone  and  measurements  of  the  audibility  factors  were 
made  at  all  settings.  The  results  are  seen  in  Figure  6  from  van 
der  Pol's  paper  in  the  "Philosophical  Magazine"  of  September, 
1917.     From  abscissa  0.6  (where  A=4)  to  2.2  (where  ^  =  160), 


the  curve  is  straight  with  gradient  0.5.  This  indicates  that  A 
is  proportional  to  the  square  of  the  radio  current  delivered  to 
the  detector,  or  that  the  audibility  factor  is  a  fair  measure  of 
the  signal  energy  for  medium  strengths.  With  weaker  signals, 
however,  while  A  ranges  from  4  down  to  1.2,  the  logarithmic 
curve  bends  downwards  so  as  to  pass  thru  the  origin  correspond- 
ing to  unit  audibility.  During  this  stage  the  audibility  factor  is 
proportional  to  powers  of  /  gradually  changing  from  2   to  0.7. 


It  has  been  pointed  out  by  G.  W.  O.  Howe  that  the  use  of 
A  instead  of  A,  that  is  to  say,  the  use  of  the  telephone  impe- 
dance instead  of  its  resistance  in  the  calculations,  would  bring  the 
straight  part  of  the  curve  slightly  lower  on  the  diagram.  The 
straight  parts  are,  however,  not  of  great  interest.  The  impor- 
tant part  of  the  curve,  for  the  purpose  of  interpreting  the  results 
of  measurements  on  long  distance  signalling,  is  the  curved  part. 
Since  A  and  A'  are  connected  by  the  hnear  relation  (5),  the  sub- 
stitution of  one  for  the  other  leaves  the  general  appearance  of 
the  curve  unchanged  tho  tending  to  straighten  it  a  little.  The 
effect  of  using  a  cos  4>  is,  however,  significant.  The  relation 
between  these  modes  of  measuring  is  best  seen  by  redrawing 
Figure  3  so  as  to  exhibit  OD  =  OPcos</),  and,  after  dividing 
every  line  by  SJ,  marking  them  with  their  values.  Then  keep- 
ing the  unit  line  constant  and  imagining  S  to  decrease  a  little, 
we  get  the  consequent  increases  of  A,  a,  and  OD  as  marked  in 
Figure  7.     Clearly  d  (OD)>d a>d  A.     The  longer  the  unit,  that 


Figure  7 


is  the  weaker  the  signal,  the  more  does  o  (OD)  exceed  o  a,  but 
the  less  does  3 a  exceed  oA.  This  is  indicated  in  Figure  8. 
The  curves  a  and  a  cos  4>  tend  to  approach  and  run  together 
when  signals  get  verj^  strong. 

The  main  result  is  that  van  der  Pol's  curve  of  Figure  6  be- 
comes greath^  straightened  when  the  power  ratio  is  taken  as  the 


measure  of  signal  strength,  which  in  turn  seems  to  show  that  the 
detector  is  not  losing  its  efficiency  as  fast  as  at  first  sight  appears 
with  decreasing  signal  strength. 


Figure  8 


The  practical  importance  of  the  measurement  of  signal 
strength  arises  out  of  the  fact  that  for  purposes  of  design  the 
law  giving  strength  of  signal  with  distance  of  propagation  should 
be  accurately  known.  At  the  present  time  we  have  to  use  the 
Austin-Cohen  formula,  which  is  apparently  based  on  observa- 
tions of  the  quantity  A\  The  records  could  be  reduced  to  terms 
of  the  power  ratio  a  cos  4>  by  means  of  the  formulas  and  diagrams 
above  if  Austin  and  Hogan  had  made  it  clear  which  of  their 
various  definitions  had  been  used  on  the  various  occasions  and 
had  fully  chronicled  the  relevant  details  of  their  apparatus. 

The  difficulties  attending  the  use  of  the  audil^ility  method 
of  measurement  of  signal  strength,  including  the  prime  diffi- 
culty of  the  uncertainty  of  the  behavior  of  the  crystal  detector, 
may  all  be  overcome  by  calibrating  the  detector  and  circuits 
repeatedly,  or,  what  is  perhaps  better  still,  by  measuring  the 
strength  of  the  received  signals  by  balancing  their  telephone 
sound  against  locally  produced  signals  of  the  same  pitch  and  of 
adjustable  mcasural3le  intensity. 

A  number  of  circuits  for  doing  this  have  been  proposed  for 
damped  waves,  and  some  that  have  been  used  by  the  author  and 
found  trustworthy  at  sea  are  shown  in  Figures  9,  10,  and  11. 
They  were  used  with  damped  waves,  but  can  be  used  with 
chopped  continuous  waves  without  change.     The  mothotl  con- 
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sists  in  exciting  the  antenna  by  means  of  a  tuned  circuit  giving 
very  feeble  oscillations  of  adjustable  strength,  which  is  coupled 
to  the  antenna  to  an  extent  decided  upon  beforehand  as  suitable. 
These  locally  produced  signals  are  of  course  heard  in  the  telephone 
at  the  same  time  as  the  signals  from  a  distance  and  can  be  ad- 
justed to  the  same  audibility.     The  local  oscillations  are  pro- 


Figure  9 


duced  in  the  circuit  L'C'  by  means  of  the  contact  E1E2,  which  is 
rapidly  made  and  broken  by  the  buzzer  B  and  thru  which,  when 
contact  is  made  adjustable,  electromotive  force  is  applied  from 
the  potential  divider  P.  The  beating  contact  Ei  Ei  must  be 
carefully  insulated  from  the  buzzer,  and  the  magnet  of  the  buzzer 
is  partly  short-circuited  by  a  resistance  to  prevent  sparking  at 
the  driving  contact  breaker.     The  coil  L'  is  coupled  to  the  an- 
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Figure  10 
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tenna  loading  coil  L,  and  M  is  set  before  the  experiments  at  a 
convenient  value.  The  key  K  in  the  circuit  of  the  potential 
divider  enables  the  operator  to  send  dots  and  dashes.  The 
buzzer  should  be  adjustable  in  pitch  and  made  to  give  the  same 
note  as  the  signals  being  made.     The  circuit  L'C'  must  be  tuned 
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Figure  U 


to  the  antenna  and  to  the  waves.  Ideally  the  damping  of  this 
circuit  should  be  made  the  same  as  that  of  the  signals  received. 
Instead  of  the  tuned  circuit  L'C'  a  plain  inductance  coil  may  be 
used ;  that  is  to  say,  the  condenser  C  could  be  removed ;  or,  even 
simpler,  L'  may  be  made  to  coincide  with  a  portion  of  L,  as  in- 
dicated in  Figure  10.  In  this  case  also  it  is  well  to  insert  a  large 
resistance  R'  in  the  circuit  of  the  potential  divider.  The  antenna 
is  in  this  mode  of  operation  said  to  be  excited  by  "impulsing." 
A  simpler  circuit  still  is  shown  in  Figure  11,  where  i2  is  a  high 
resistance  consisting  of  an  electrolyte  in  a  glass  tube  with  one 
moveable  electrode.  With  this  last  apparatus  the  signal  strength 
is  matched  by  varying  the  high  resistance.  All  these  methods 
gave,  during  such  trials  as  the  author  could  carry  out  on  com- 
mercial stations  working  their  ordinary  programmes,  practically 
the  same  measures,  and  appeared  easier  to  operate  with  confidence 
than  the  shunted  telephone  method. 

The  above  three  methods  are  sketched  in  order  to  show  how 
very  simple  the  apparatus  may  be  for  improving  upon  the  un- 
assisted audibility  method.  So  far  as  the  author's  experience 
goes  with,  for  instance,  the  last  of  the  three,  the  possible  accuracy 
is  much  greater  than  with  the  audibility  method.  But  it  should 
be  mentioned  that  in  truth  no  really  satisfactory  comparison 
between  the  diffraction  theory  of  the  propagation  of  waves  round 
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the  globe  and  the  experimental  facts  can  ever  be  obtained  with 
trains  of  damped  waves,  if  only  for  the  reason  that  the  theory 
has  regard  only  to  sustained  waves.  Thus  it  is  to  be  hoped  that 
future  experimenters  will  use  sustained  waves,  which,  besides  being 
nearer  to  theoretical  conditions,  will  enable  all  sorts  of  difficulties 
arising  from  the  unknown  behavior  of  detectors  and  from  the 
presence  of  audio  harmonics  to  be  eluded.  It  is  possible  also, 
by  the  aid  of  sustained  waves,  to  escape  all  the  doubts  w^hich 
arise  from  the  use  of  that  crude  measuring  instrument,  the  tele- 
phone receiver.  The  author  has  recently  been  conducting  lab- 
oratory measurements  in  which  oscillations  were  received,  hetero- 
dyned, rectified,  the  low  frequency  results  amplified,  and  then 
measured  by  a  tuned  vibration  galvanometer,  and  has  found  that 
conditions  can  be  kept  very  steady  even  with  high  amplifica- 
tions. The  necessary  modifications  of  the  damped  oscillation 
circuits  of  Figure  9  are  obvious;  the  buzzer  must  be  replaced 
by  an  ionic  relay  so  as  to  sustain  oscillations  in  the  circuit  L'C' 
and  the  intensity  of  the  oscillations  induced  in  the  antenna  for 
heterodyning  must  be  varied  either  by  varying  M  or  varying  the 
intensity  of  the  oscillations  in  L  C  .  The  receiving  circuit 
would  of  course  be  one  adapted  for  beat  reception. 

SUMMARY:  The  "shunted  telephone"  method  of  measuring  audibiUty  of 
received  signals  is  discussed,  and  it  is  shown  that  the  audibility  factor  as 
usually  calculated,  may  vary  widely  from  the  true  strength  ratio.  This  is 
true  whether  shunted  resistance  or  shunted  impedance  is  taken  as  the  basis 
of  calculation. 

The  author  then  determines  the  radio  quantity  corresponding  to  any 
determined  audibility  factor  or  strength  ratio.  This  is  of  importance  in  con- 
nection with  quantitative  measurements  on  long  distance  transmission. 

An  alternative  comparison  method  of  measuring  incoming  signal  strength 
is  described,  wherein  the  antenna  may  be  excited  from  a  local  buzzer  of  ad- 
justable pitch  and  having  an  independent  contact  for  the  antenna  "impulsing 
circuit."     This  method  is  regarded  as  more  accurate  than  the  usual  one. 

Sustained  waves  should  be  used  for  transmission  experiments,  and  these 
may  be  received,  heterodyned,  rectified,  amplified,  and  measured  quantitatively 
by  a  vibration  galvanometer. 
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DISCUSSION 

Louis  W.  Austin  (by  letter) :  Doctor  Eccles'  paper  is  of  great 
interest  to  me  on  account  of  the  long  use  of  the  shunted  tele- 
phone method  in  my  laboratory.  His  Figure  5  shows  that  the 
audibility,  when  the  impedance  of  the  telephones  is  used  in  the 
calculations,  is  practically  proportional  to  the  strength  ratio, 
except  for  the  curved  portion  of  the  hyperbola  lying  to  the  left 
of  unit  audibility,  where,  of  course,  it  has  no  physical  meaning, 
as  there  Z  would  be  greater  than  infinity. 

On  account  of  the  difficulty  in  determining  the  effect  of  the 
shunt  with  high  frequency  oscillations,  I  always  prefer,  in  my 
work,  to  calibrate  the  apparatus  by  a  comparison  of  the  tele- 
phone shunt  readings  with  the  readings  of  a  galvanometer, 
which  can  be  connected  in  place  of  the  telephones.  In  the  case 
of  silicon,  perikon,  and  many  other  crystal  detectors,  the  gal- 
vanometer readings  are  strictly  proportional  to  the  squares  of 
the  radio  frequency  currents.  The  method  used  in  the  calibra- 
tion for  oscillating  audion  reception  have  already  been  described 
to  the  Institute  (Proceedings  of  The  Institute  of  Radio 
Engineers,  volume  5,  page  239,  1917). 

In  one  place  in  his  paper,  Doctor  Eccles  refers  to  uncertainty 
in  regard  to  whether  resistance  or  impedance  was  used  in  the 
calculations  of  the  Brant  Rock  experiments.  ("Bulletin  of  the 
Bureau  of  Standards,"  volume  7,  page  315,  1911.)  Professor 
Love  has  assumed  ("Transactions  Royal  Society,"  London, 
Series  A,  volume,  215,  page  105,  1915)  that  the  resistance  of  the 
telephone,  600  ohms,  not  the  impedance,  2,000  ohms,  was  used, 
and  has  used  his  conclusions  to  support  the  MacDonald  trans- 
mission theory.  I  have  never  been  able  to  understand  how  such 
an  uncertainty  could  have  arisen,  as  the  question  of  resistance  or 
impedance  does  not  enter  into  the  plan  of  calibration  used,  which 
is  shown  on  page  319  of  the  paper  and  is  explained  in  the  text. 
There  Table  1  gives  the  currents  measured  in  the  antenna  with 
the  siHcon  detector  "D"  and  the  corresponding  shunts  rcniuired 
to  reduce  the  telephone  currents  to  audibility.  As  has  Ixh'u 
said,  the  deflections  of  a  galvanometer  with  a  silicon  or  perikon 
detector  are  proportional  to  the  squares  of  the  radio  frequency 
currents.  Tal)le  1  was  made  from  the  smooth  curve  giving  the 
relation  of  telephone  shunt  to  observed  antenna  current.  The 
values  given  in  the  table  show  that  using  tlu>  impedance  of  the 
telephone,  2,000  ohms  (note  8,  page  318  of  the  paper)  the  antenna 
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current  is  approximately  proportional  to  the  square  root  of  the 

audibility  calculated  from  the  equation  .-1  =     - — 

I  have  made  manj-  experiments  with  Doctor  Eccles'  com- 
parison methods,  examples  of  which  are  shown  in  his  Figures 
9,  10,  and  11,  but  cannot  say  that  I  have  found  them  better  than 
the  shunted  telephone.  For  several  months  last  year,  experi- 
ments were  carried  on  in  matching  the  beat  tone  in  telephones 
used  in  oscillating  audion  reception,  by  means  of  a  known  vari- 
able current  of  the  same  freciuencj^  in  a  circuit  into  which  the 
telephones  could  be  connected.  This  was  practically  the  same 
arrangement  recently  described  before  the  Institute  by  Doctor 
Van  der  Bijl  in  his  paper  on  detecting  efficienc}-  of  the  thermionic 
detector.  This  is,  undoubtedh',  the  most  accurate  method  of 
measuring  telephone  currents  in  the  laboratory,  the  results 
agreeing  within  two  or  three  per  cent.  But  unfortunately  when 
atmospheric  disturbances  are  present,  as  is  usually  the  case  in 
long  wave  reception,  their  presence  in  one  circuit  and  absence 
in  the  other,  renders  the  accuracy  of  measurement  no  greater 
than  with  the  shunted  telephone. 
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THE  CABOT  CONVERTER* 

By 

Claude  F.   Cairns 

During  the  years  1912  to  1915,  the  writer  had  the  pleasure  of 
working  with  Mr.  Sewall  Cabot  of  Brookhne,  Massachusetts 
on  the  development  of  a  polyphase  commutator,  or  machine 
for  converting  polyphase  alternating  currents  of  commercial 
voltages  to  non-fluctuating  voltages  as  high  as  100,000.  During 
that  time  machines  were  built  to  deliver  voltages  within  these 
limits,  some  of  which  are  still  in  commercial  operation. 

The  field  for  the  Cabot  converter  is  that  covered  by  all  ma- 
chines now  employed  for  the  production  of  direct  current  of 
any  desired  voltage  from  an  alternating  current  or  direct  cur- 
rent source  of  another  voltage,  and  furthermore  as  direct  current 
generating  machinery  is  unsatisfactory  for  voltages  over  2,000, 
the  Cabot  converter  fulfills  a  long  felt  want  in  efficiently  supply- 
ing voltages  greater  than  this. 

The  Cabot  converter  consists  of  a  constant  potential  poly- 
phase transformer  with  a  primary  winding  exciting  a  relatively 
small  number  of  magnetic  circuits,  and  a  secondary  winding  of 
a  relatively  large  number  of  phases,  from  which  wires  are  led  to 
commutating  parts  driven  by  a  motor  in  synchronism  with  the 
alternating  current  supply.  The  transformer  is  the  essential 
part  of  the  apparatus,  as  it  is  here  that  the  secret  of  the  successful 
operation  lies.  The  primary  is  usually  wound  as  a  three-phase 
delta-connected  winding  directly  connected  to  the  alternating 
current  source,  and  the  secondary  is  usually  a  nine-phase  ring- 
connected  winding.  Altho  the  primary  may  be  wound  for 
any  number  of  phases  greater  than  one  and  the  secondary  any 
number  greater  than  nine,  as  will  later  be  seen,  three-phase  to 
nine-phase  winding  readily  lends  itself  to  good  mechanical  and 
electrical  practice.  The  method  of  obtaining  a  nine-phase  ring 
winding  can  best  be  shown  diagrammatically.  Figure  1.  indi- 
cates the  method. 

The  six-sided  symmetrical  polygon  shown   in    Figure  1  has 
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adjacent  sides  the  ratio  of  which  are  1.79  to  1.49,  and  which  are 
120°  apart.  A  circle  with  its  center  at  the  center  of  the  polygon 
may  be  drawn  which  will  cut  the  sides  in  nine  points  equally 
spaced  or  40°  apart.     It  can  readily  be  seen  that  if  the  number  of 


Figure  1 — Diagram  of  3-Phase  to 
9-Phase  Transformei' 


turns  used  in  the  secondary  winding  are  such  that  their  ratio  is 
the  same  as  that  of  the  symmetrical  polygon,  if  they  are  con- 
nected in  the  proper  direction,  and  if  leads  are  brought  out  at  the 
proper  points,  a  ring  winding  will  be  formed  the  same  as  with 
a  Gramme  ring  having  nine  phases.  Inside  of  the  diagram  is 
shown  the  three-phase  delta-connected  primary  winding  marked 
A,B,C.  Three  of  the  nine  phases  are  made  up  of  windings  which 
are  in  phase  with  the  primary  windings  and  the  other  six  phases 
are  made  up  of  two  windings  connected  together,  one  of  which 
is  in  phase  with  one  of  the  primary  phases  and  the  other  in  phase, 
or  rather  180°  out  of  phase,  with  another  primary  phase.  If 
the  turns  of  one  of  the  nine  phases  totally  in  phase  with  the  pri- 
mary is  taken  as  1,  then  the  turns  of  the  windings  which  make  up 
the  other  phases  will  be  0.395  and  0.743.  The  secondary  of  a 
three-phase  to  nine-phase  transformer  has  therefore  inherently 
about  fifteen  per  cent,  more  copper  than  a  straight  three-phase 
to  three-phase  transformer,  for  in  order  to  get  a  given  voltage 
for  six  of  the  phases  it  is  necessary  to  use  two  windings  of  unequal 
voltages,  120°  out  of  phase. 

The  leads  from  the  nine  points  equally  spaced,  which  means 


equal  voltage  between  them,  are  connected  to  the  commutating 
parts  just  as  are  the  leads  of  an  ordinary  armature  winding. 
When  using  a  four-pole  motor  for  driving,  the  commutating 
parts  consist  of  nine  brushes  on  nine  slip  rings,  an  eighteen- 
segment  commutator,  and  four  brushes,  for  low  voltage  machines, 
or  nine  brushes  equally  spaced  around  a  four-segment  commutator 
and  two  slip  rings  for  high  voltage  machines.  In  the  case  of  low 
voltage  machines,  the  voltage  between  segments  is  that  of  each 

phase  or  j-p-.   of  the  total  d.  c.  voltage;  and  in  the  case  of  high 

voltage  machines  is  the  vector  sum  of  the  voltages  of  two  phases, 
as  every  other  phase  lead  is  connected  to  adjacent  brushes,  and 
the  opposite  segments  are  connected  to  the  same  slip  ring. 

In  all  machinery  used  for  producing  non-fluctuating  direct 
current,  the  practice  is  to  have  a  stationary  electrical  field  and 
to  rotate  the  iron  and  wire.  The  Cabot  converter,  however, 
has  a  rotating  electrical  field  and  holds  the  iron  and  wire  station- 
ary. The  problems  of  commutation  are  very  similar  except  that 
the  Cabot  converter  has  no  armature  reaction  and  for  this  reason 
readily  lends  itself  to  mathematical  treatment  and  allows  the 
use  of  a  higher  voltage  between  segments  on  the  commutator. 
As  in  d.  c.  armature  construction,  the  load  current  of  the 
Cabot  converter  passes  into  and  out  of  the  secondary  of  the 
transformer  at  opposite  points,  and  divides  equally  thru  the 
two  paths  of  the  sj'stem.  For  successful  commutation,  the 
current  flowing  in  any  one  of  the  phases  must  come  to 
zero  and  reach  an  equal  magnitude  in  the  opposite  direc- 
tion during  the  time  such  phase  is  kept  short  circuited 
by  the  brushes  on  the  commutator.  As  is  well  known,  the 
inductance  of  the  phase  keeps  the  current  flowing  in  the  same 
direction,  this  necessitating  an  e.  m.  f.  being  built  up  in  the  op- 
posite direction  in  order  to  bring  the  current  to  zero,  and  to 
establish  it  in  the  opposite  direction.  The  force  tending  to 
keep  the  current  flowing  in  the  coil  is  known  as  the  reactance 
voltage  and  is  specificall}^  equal  to  the  inductance  times  the  rate 

di 
of  change  of  current :  L  — ,     As  the  current  falls  along  practically 

a  straight  line,  this  can  be  written  L  - ,  where  7  is  one-half  the 

full  load  current  and  i  is  the  time  of  short  circuit.  In  all  previous 
work  on  comnnitation  of  stationary  polyphase  windings,  it  was 
without  doubt  felt  that  the  inductance  of  the  phase  commutated 
is  the  total  inductance  of  the  winding.     On  the  contrary,  how- 
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ever,  it  is  the  leakage  inductance  of  the  phase  which  makes  itself 
felt  at  the  commutator. 

The  transformer  is  therefore  wound  so  that  the  leakage  in- 
ductance of  the  phases  shall  be  a  minimum  consistent  with  good 
practice.  This  is  accomplished  by  having  each  of  the  phases 
and  each  of  the  windings  used  in  making  up  a  phase  of  the 
secondary  linked  thruout  their  winding  length  with  a  complete 
primary  winding.  By  so  winding  the  transformer,  it  is  possible 
to  employ  the  well-known  formula  for  leakage  inductance: 

L= ^ — ^( -  +  ^+gllO  Miennes. 

This  applies  to  a  two  layer  winding  on  a  core  type  transformer, 
where 

A^  =  number  of  turns  in  phase  or  winding, 
p  =  mean  turn  in  cms., 
Z  =  length  of  winding  channel  in  cms., 
a;  =  radial  depth  of  primary  in  cms., 
?/  =  radial  depth  of  phase  or  winding  in  cms., 
gf  =  width  of  the  gap  between  primary  and  phase  or  winding 
in  cms. 

Of  course,  by  further  sandwiching  the  coils,  the  leakage  in- 
ductance can  be  further  reduced. 

The  leakage  inductance  of  a  transformer  so  wound  is  very 
much  less  per  turn  for  a  given  output  than  in  armature  construc- 
tion which  necessitates  an  air  gap;  and,  as  mentioned  before, 
there  is  no  such  phenomena,  as  armature  reaction  with  which  to 
contend.  This  readily  explains  why  successful  commutation 
can  easily  be  obtained  with  only  nine  phases  with  the  Cabot 
converter  against  sixty  or  more  with  armature  construction, 
without  employing  any  electrical  or  mechanical  means  of  pro- 
ducing a  commutating  e.  m.  f. — other  than  the  resistance  of  the 
circuit — or  shifting  the  angle  of  commutation.  For  low  voltage 
machines,  up  to  220  volts,  the  leakage  inductance  of  the  trans- 
former is  so  small  that  very  low  resistance  brushes  may  be  em- 
ployed, thus  effecting  a  great  saving  in  the  size  of  the  commutator 
and  the  watts  lost  due  to  friction  and  /-  R  losses. 

When,  however,  the  d.  c.  voltage  to  be  delivered  attains 
higher  values,  the  leakage  inductance  of  the  transformer  in- 
creases about  proportionately,  and  means  must  be  provided  for 
shifting  the  angle  of  commutation  in  order  to  utilize  the  e.  m.  f. 
induced  in  the  winding,  or  for  providing  some  form  of  commutat- 
ing e.  m.  f.  successfullv  to  reverse  the  current.     If  the  brushes 


are  given  a  permanent  forward  shift  so  as  to  have  sparkless 
commutation  at  full  load,  sparking  will  occur  at  no  load  and  vice 
versa.     The  amount  of  necessary  shift  can,  however,  be  readily 
calculated  by  a  simple  mathematical  process. 
Consider  the  circuit  shown  in  Figure  2. 


Figure  2 


The  resistance  of  the  brush  has  been  neglected,  as  in  high 
voltage  machines  it  is  negligible  compared  with  the  winding. 

L  =  the  leakage  inductance  of  the  phase  under  commutation, 

i^  =  the  resistance  of  that  phase, 

I  =  the  current  flowing  in  the  ring  or  one  half  the  load  current, 

i  =  the  current  in  the  phase  at  any  instant, 

e  =  the  e.  m.  f.  at  any  instant  induced  in  the  phase. 


Then 


at 
Lj-  +  Ri+Esin  {cot-\-(t>)=0, 


which,    when  solved,   gives 


1  = 


Rx 

■  .3(50 /L 


E 


VR'  +  ioW 


sin  (x-{-(f>-d), 


where 


o  =  tan     — r-> 
K 

<^  =  the  angle  at  which  the  short  circuit  comes  on, 

X  =  electrical  degrees  of  duration  of  the  short  circuit, 

/=  frequency  of  alternating  current  supply, 

E  =  maximum  e.  m.  f .  induced  in  the  phase, 

<o  =  2r:f. 
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This  equation  gives  the  value  of  the  current  in  the  coil  being 
commutated  at  any  instant  after  the  short  circuit  comes  on,  pro- 
vided we  know  the  other  quantities.  All  the  quantities  are 
constants  of  the  transformer  except  (f)  and  x.  The  quantity  x 
is  the  number  of  degrees  the  short  circuit  has  been  on  at  the  in- 
stant at  which  the  value  of  i  is  to  be  determined.  Therefore 
only  (f)  is  left  as  an  unknown  which  it  is  necessary  to  determine. 
In  order  to  have  commutation  complete  at  the  instant  that  the 
short  circuit  is  removed,  i  must  be  equal  to  —7.  With  this  value 
of  i,  putting  X  equal  to  the  number  of  degrees  of  short  circuit,  </> 
can  be  determined. 

Then  the  equation  will  be 

-7  = 


'+vw:^''"^*-"^ 


Rx 

' 360 fL 

E 


^^^=^^sin{x  +  ^-d). 


I  is  one  half  the  load  current,  and  therefore  for  different 
values  of  7  it  will  be  necessary  to  have  the  short  circuit  come  on 
at  different  times  in  order  that  the  current  may  be  completely 
commutated.  Now  ^  is  the  angle  at  which  the  short  circuit 
comes  on,  and  the  difference  between  the  value  of  </>  when  7  =  0 
and  7  =  5  of  the  full  load  current  is  the  necessary  angular  shift, 
to  have  sparkless  commutation  from  no  load  to  full  load. 

It  is  interesting  to  note  that  if  intermediate  values  of  the 
necessary  shift  between  full  load  and  no  load  be  computed,  they 
will  be  directly  proportional  to  the  load  current  within  a  very 
considerable  degree  of  precision. 

From  the  above  it  is  evident  that  the  requisite  shift  may  be 
obtained  by  any  leading  quadrature  e.  m.  f.  which  is  proportional 
to  the  d.  c.  load  or  the  brushes  themselves  may  be  mechanically 
moved  forward  or  the  commutator  retarded  a  predetermined 
amount  proportional  to  the  load. 

To  produce  a  quadrature  e.  m.  f.,  there  could  be  inserted  in 
the  leads  to  the  transformer  three  series  transformers  across  the 
secondaries  of  which  are  connected  condensers.  As  the  load 
comes  on,  the  voltage  across  the  condensers  increases,  and  hence 
the  voltage  impressed  on  the  transformer  is  shifted  forward  in 
regard  to  time  in  proportion  to  the  load,  since  the  capacity  reacts 
thru  to  the  line  as  the  square  of  the  ratio  of  transformation.  The 
same  results  may  be  obtained  by  using  synchronous  machinery. 
Either  on  the  same  shaft  with  the  commutating  parts,  or  driven 
by  a  separate  motor,  is  a  rotor  having  a  field  winding  thru  which 
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is  passed  the  d.  c.  load  current,  or  a  part  of  it,  by  means  of  a  shunt. 
Surrounding  the  rotor  is  a  stator  on  which  is  a  three-phase  wind- 
ing left  open  in  order  that  the  three-phase  a.  c.  leads  to  the  trans- 
former may  be  connected  in  series.  In  this  way  an  e.  m.  f.  is 
induced  in  the  main  leads.  The  magnitude  of  this  e.  m.  f.  is 
determined  by  the  field  strength,  and  the  time  phase  is  determined 
by  the  position  of  the  field  relatively  to  the  stator.  In  this  way 
the  angle  of  the  impressed  e.  m.  f.  may  be  shifted  proportion- 
ately with  the  load  and  in  the  right  direction  to  produce  a  com- 
mutating  e.  m.  f.  In  addition  to  this  feature,  compounding  is 
obtained,  for  as  the  load  increases  the  magnitude  of  the  induced 
e.  m.  f.  increases,  which  increases  the  impressed  e.  m.  f.  and  also 
changes  its  angle. 

To  shift  the  brushes  forward  mechanically,  or  to  do  what 
amounts  to  the  same  thing,  that  is,  to  retard  the  commutator, 
the  best  method  is  shown  in  Figure  3.  A  copper  disc,  mounted 
on  the  shaft  with  the  commutator,  is  made  to  rotate  in  a  magnetic 
field  produced  by  a  winding  in  series  with  the  d.  c.  load  current. 
As  the  load  current  increases  the  eddy  currents  induced  in  the 
disc  retard  the  rotor  of  the  driving  motor  and  change  its  running 
angle  by  an  amount  proportional  to  the  d.  c.  load. 


coppe/i  o/sc 


Figure  3 — Mechanism  for  Changing 
Angle  of  Commutation 


The  same  results  can  be  obtained  b}'  introducing  resistance 
into  the  circuit  in  which  the  commutating  current  is  at  any 
instant  flowing.  By  this  method  the  ctu'ront  flowing  in  the  short- 
circuited  coil  is  brought  to  zero  by  dissipating  itself  in  heat  and 
is  established  in  the  opposite  direction  by  the  e.  m.  f.  induced  in 
the  same  coil  by  the  primary.     When  a  four  pole  machine  is  used 
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for  driving,  the  commutating  parts  consist  of  nine  brushes,  a 
four-segment  commutator,  and  two  slip  rings.  This  construc- 
tion readily  lends  itself  to  a  form  whereby  the  same  resistance 
may  be  employed  for  all  phases,  thereb}"  eliminating  the  necessity 
of  putting  resistance  in  each  phase  or  brush.  The  two  opposite 
segments  on  the  commutator  are  connected  to  the  same  slip  ring 
and  since  the  phase  being  commutated  at  an^^  instant  is  short- 
circuited  b}'  these  two  segments  and  slip  ring,  resistance  may  be 
inserted  in  the  wires  connecting  these  three  in  series.  The 
amount  of  resistance  necessary  can  readily  be  calculated  by  the 
same  method  as  that  employed  in  calculating  the  necessary 
angular  shift  for  complete  commutation.  To  do  this,  it  is  neces- 
sary to  find  what  value  of  R  in  the  previous  formula  will  give 
practically  the  same  value  for  (f>  when  7  =  0  and  when  7  =  one- 
half  the  full  load  current.  In  determining  the  value  of  R  to 
insert  in  the  wires,  the  cut-and-try  method  very  often  serves 
verj'-  well,  as  the  angle  of  commutation  is  not  very  critical  and 
a  slight  excess  is  detrimental  only  to  efficiency. 

When  the  d.  c.  voltage  reaches  values  as  high  as  80,000  to 
100,000,  the  leakage  inductance  of  the  transformer  attains  such 
values  that  the  necessary  shift  in  the  angle  of  commutation  be- 
comes very  appreciable.  Altho  a  complete  investigation  has 
never  been  made  it  was  found  that  with  such  voltages  the  use  of 
what  has  been  termed  serial  subdivisions  gave  satisfactory  re- 
sults for  low  power.  The  serial  subdivisions  consist  of  brushes 
and  segments  so  timed  by  their  position  on  the  shaft  that  when 
the  circuit  of  the  coil  being  commutated  is  broken  the  break 
occurs  at  several  points  simultaneously.  This  procedure  brutally 
breaks  the  current  which  at  that  time  may  still  be  flowing  in  the 
circuit,  and  has  no  practical  value  for  larger  powers  than  a  few 
kilowatts. 

Altho  machines  of  large  power  output  have  never  been  built, 
the  design  of  such  machines  show  that  the  problems  in  commuta- 
tion are  the  same  as  for  small  power,  and  that  the  reactance  volt- 
age is  independent  of  power  for  a  given  voltage,  since  the  increase 
in  current  is  offset  bj-  the  decrease  in  the  leakage  inductance  of 
the  windings.  In  low-voltage  machines  of  high  power  the  in- 
ductance of  the  leads  from  the  transformer  to  the  commutator, 
will,  unless  properly  grouped,  be  in  excess  of  the  leakage  induct- 
ance of  the  winding. 

The  production  of  non-fluctuating  direct  current  from  alter- 
nating current  by  the  rotation  of  iron  and  wire  is  accompanied  by 
losses  in  electrical  energy  greatly  in  excess  of  the  copper  losses  in 
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the  armature,  and  the  active  material  used  for  magnetization 
purposes  is  nearly  three  times  the  amount  used  in  the  armature 
for  conversion  purposes,  because  of  the  necessary  air  gap.  The 
Cabot  converter,  however,  accomplishes  the  desired  result  with 
a  relativel}^  large  efficiency  as  the  losses  are  onh^  those  of  the 
transformer,  the  brush  PR,  the  input  into  the  motor  used  to 
overcome  the  brush  friction,  and  -the  losses  (in  high  voltage 
machines)  due  to  the  method  used  for  shifting  the  angle  of  com- 
mutation or  for  providing  a  commutating  e.  m.  f. 

The  losses  in  the  transformer  are  of  course  small.  In  low- 
voltage  machines,  the  reactance  voltage  is  so  low  that  the  lowest 
resistance  carbon  brush  may  be  used,  resulting  in  small  brush 
I2R  and  small  friction  watts  owing  to  the  higher  current  density 
permissible  with  a  low  resistance  brush.  In  high  voltage  ma- 
chines, the  brush  resistance  becomes  negligible,  and  the  power 
used  for  aids  to  commutation  is  relatively  small  especially  for 
high  power  output. 

The  space  occupied  by  a  Cabot  converter  is  much  less  than 
that  required  for  a  rotary  converter  or  motor  generator  capable 
of  handling  the  same  amount  of  power  owing  to  the  small  amount 
of  active  material  necessary  for  excitation  purposes  in  the  trans- 
former and  the  small  commutating  parts  necessary  to  handle  the 
load. 

The  Cabot  converter  has  already  been  used  for  various  pur- 
poses where  non-fluctuating  direct  current  is  needed  both  for 
high-  and  low-voltage  work. 

For  low-voltage  work,  a  machine  was  employed  for  charging 
storage  batteries,  converting  220-volt  three-phase  GO-cj'cle 
alternating  current  to  90-  to  150-volt  direct  current,  with  a 
current  value  of  100  amperes.  A  machine  has  been  employed 
for  exciting  a  direct  current  arc  lamp  and  one  has  been  tested  for 
its  ability  to  run  direct  current  motors  with  marked  success. 

For  high-voltage  work  several  machines  have  been  in  use  for 
the  excitation  of  X-ray  tubes  giving  voltages  up  to  100,000  at 
5  to  7  k.  w.  Some  of  these  machines  are  still  running  today  after 
five  years  of  service.  Machines  have  also  been  built  for  radio 
telegraph  and  telephone  work  at  voltages  from  900  to  2,000,  to 
deliver  in  the  neighborhood  of  2  k.  w.  These  machines  have 
been  adapted  to  spark  gaps  with  tone  circuits,  but  could  easily 
be  used  wherever  high  voltages  are  employed  in  radio  work. 

The  advantages  of  the  Cabot  converter  over  the  other  forms 
of  apparatus  for  converting  alternating  currents  to  non-fluctuat- 
ing direct  current  and  machines  for  producing  high  potential 
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non-fluctuating  direct  current  are  very  marked.  For  storage 
battery  charging  and  general  low-voltage  work,  the  advantages 
are  the  ease  with  which  the  voltage  may  be  varied  by  changing 
the  primary  turns,  the  greater  efficiency,  the  lower  first  cost,  and 
the  smaller  floor  area. 

In  the  high-voltage  field,  the  advantages  are  even  more 
marked  than  in  the  low  voltage  field.  In  X-ray  work,  the  ability 
to  read  the  true  voltage  across  the  tube  together  with  current  and 
the  time  of  exposure  gives  the  operator  a  direct  measurement  of 
the  watts  per  second,  and  hence  the  dosage  given  to  a  patient. 
Furthermore  in  radiographic  work  results  can  be  duplicated  as 
the  penetration  or  quality  of  X-rays  is  proportional  to  the  volt- 
age and  the  quantity  is  proportional  to  the  current  and  time. 

In  radio  work,  machines  with  rotating  iron  and  wire  become 
unreliable  above  2,000  volts  because  of  commutation  and  the 
difficulties  of  insulation.  With  the  Cabot  converter  the  insula- 
tion problems  are  no  greater  than  with  an}^  high  potential  trans- 
former, and  sparkless  commutation  can  be  obtained  for  even 
higher  voltages  without  the  use  of  mechanical  or  electrical  means 
of  shifting  the  angle  of  commutation  but  simply  by  the  addition 
of  resistance  to  the  commutating  circuit.  For  use  on  ships  the 
Cabot  converter  would  readily  adapt  itself  because  of  the  fact 
that  Siny  break-down  could  easily  be  attended  to  by  the  operator 
assuming  him  supplied  with  a  small  box  of  spare  parts. 

Below  are  given  the  specifications  for  the  transformer  of  a 
2,000-volt,  1  k.  w.,  radio  transmitter. 

A.  C.  supply  voltage:  136  volts,  3-phase,  120-cycles, 

D.  C.  volts:  2,000, 

D.  C.  amperes:  0.5, 

Iron  watts:  50, 

Copper  watts:  60, 

Iron  weight:  16  pounds  (7.3  kg.). 

Copper  weight:  4.2  pounds  (1.9  kg.). 

Percentage  efficiency:  90, 

Temperature  rise:  50°, 

Reactance  voltage:  15.7  volts  for  12°  (electrical),  short 
circuit, 

Necessary  shift  in  the  angle  of  commutation  from  no  load  to 
full  load:  0.5  electrical  degrees. 

The  transformer  is  wound  as  shown  in  Figure  4. 
Under  each  secondary  winding  is  wound  a  complete  primary 
winding,    all    of    which,    on    the    same    leg,   are    connected    in 
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In  Figure  7,  we  have  plotted  the  current  values  in  the  second- 
ary circuit  as  they  varied  with  the  coupling  as  obtained  in  series 
(4).  Similar  curves  were  obtained  for  the  other  series  except 
in  series  (1)  and  (3),  Avhere  the  second  maxima  seem  to  be  missing. 
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Considering  Figure  7,  the  first  maximum  of  current  occurs  at 
a  place  where  the  value  of  coefficient  of  coupling  was  sixty  per 

cent.     Now  if  the  curve   (Figure  2),   showing  -^    for  various 


coupling  values,  be  consulted,  it  will  be  seen  that  for  kg  = 


Oi 


-Tr=2.     The  second  maximum  on  Figure  7  is  at  A-g  =  80%,  at 

//' 
Avhich  value  by  curve  1,   -77^  =  3.   By  reference  to  the  photographs 

of  the  figures  obtained  at  these  values  the  values  of  -.-j   obtained 

above  are  verified.  Therefore,  when  the  ratio  of  the  two  fre- 
quencies is  an  integer,  the  root-mean-square  value  of  the  current 
is  a  maximum.  The  variation  of  the  primary  current,  also 
shown  in  Figure  7,  leads  us  to  the  conclusion  as  stated  for  the 
secondary  circuit.  Nothing  definite  can  be  said  about  the  line 
current  unless  it  is  that  it  seems  to  be  a  minimum  when  the 
oscillating  current  is  a  maximum. 

As  series  (1)  gives  us  the  value  of   -7-  with  respect  to  U,  it  is 

at 
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useful  for  the  exploration  of  the  variation  of  currents,  and  con- 
sequently potentials,  with  respect  to  time.  Let  us  take  figures 
which  were  obtained  with  82%  coupling  and  develop  the  curves 
for  time. 


dt 


ik 
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Figure  8. 


Figure  9. 


'8  i, 


Figure   10. 


Figure  11 
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Figure  13. 
Figures  S  to  12 


Figure  8  shows,  first  the  figure  as  obtained  from  the  plioto- 
graph  properly  placed  for  development,  and  tluMi  th(>  resulting 
curve.  This  is  not  the  actual  shape  of  our  wave,  as  we  can- 
not determine  equal  intervals  of  time  on  our  figure,  but  it  does 
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tell  us  something  of  the  number  and  relative  positions  of  maxima, 
minima,  and  constant  values.  One  thing  we  do  know  is  that 
the  areas  per  cycle  above  and  below  the  i„  line  must  be  equal 
because  the  quantity  of  electricity  put  into  the  condenser  (equal 
to  y^idt)is  equal  to  that  discharged  by  it. 

Figure  9  gives  the  potential  across  the  secondary  condenser 
as  it  varies  with  time.  This  is  obtained  from  the  figure  to  the 
left  by  comparison  with  the  curve  obtained  in  Figure  8.  By 
the  same  method  Figure  10  is  drawn.  As  Figure  10  plots  the 
relation  between  secondary  current  and  time,  we  should  be  able 
to  get  the  curve  of  the  same  shape,  by  developing  the  cyclic 
diagram  of  the  secondary  current  and  its  time  rate  of  change  as 
shown  in  Figure  11.  It  will  be  seen  that  these  figures  do  agree. 
Figures  9,  10,  and  11  are  drawn  for  only  a  half  cycle  or  a  little 
more.  The  relation  between  the  potential  difference  across  the 
arc  and  the  secondary  current  is  not  developed  because  of  the 
uncertainty  of  the  path  as  shown  by  the  photograph.  Figure 
12  shows  how  the  addition  of  two  sine  curves,  one  with  three 
times  the  frequency  of  the  other  gives  a  curve  similar  to  the  one 
obtained  in  Figure  10.  One  of  the  shape  of  Figure  8  may  be 
obtained  by  adding  the  two  curves  as  above  if  the  phase  rela- 
tions are  changed  a  quarter  of  a  period.  This  relation  between 
the  frequencies  is  in  agreement  with  the  determination  made 
heretofore. 

Figures  subsequent  to  Figure  12  are  photographs  of  the 
figures  produced  on  the  Braun  tube  screen.  The  figures  of  the 
same  series  or  those  with  the  same  coupling  value  may  be  picked 
out  by  reference  to  the  table  on  a  preceding  page. 

From  this  study  one  is  encouraged  to  believe  that  electro- 
static coupling  should  have  a  place  in  the  transference  of  energy 
between  radio  circuits  first,  because  a  high  degree  of  coupling 
is  possible  and  second,  because  there  is  practically  only  one  wave 
in  the  circuits  when  such  a  high  coupling  value  is  used. 

I  desire  to  thank  ]\Ir.  Laurens  E.  Whittemore,  of  the  Physics 
Department,  of  the  University  of  Kansas,  for  his  constant  and 
untiring  direction  and  help  in  this  work.  To  the  Department 
itself,  I  wish  to  express  my  appreciation  for  the  use  of  apparatus 
used  in  this  research.  This  apparatus  is  shown  in  Figures  59 
and  60. 


parallel.  By  so  winding  the  transformer,  each  secondary  wind- 
ing is  completely  linked  with  a  primary  winding  and  therefore 
the  leakage  inductance  formula  may  be  applied  to  each  section. 
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Figure  4 — 1  K.  W.  Transformer  for 
2,000  Volt  D.  C.  Cabot  Converter 


Altho  the  angular  shift  is  only  0.5  degrees,  by  the  addition 
of  a  few  ohms  of  resistance  in  the  commutating  circuit  the  neces- 
sary shift  can  be  reduced  to  zero  which  means  that  sparkless 
commutation  will  occur  from  no  load  to  full  load.  This  trans- 
former was  actually  built  and  used. 

There  has  been  built  and  put  into  operation  a  5  k.  w.  ma- 
chine to  convert  220-volt,  3-phase,  a.  c.  to  UO-volt  d.  c.  from 
which  a  10  k.  w,  load  was  taken  for  24  hours  and  a  15  k.  w.  load 
for  several  minutes  with  sparkless  commutation!  The  reactance 
voltage  was  only  0.356  volts  against  a  reactance  voltage  of  2  to  3 
volts  for  a  standard  rotary  converter  of  5  k.  w.  output.  The 
over-all  efficiency  of  this  apparatus  was  90  per  cent,  at  full  load 
with  a  very  flat  efficiency  curve. 

SUMMARY:  The  Cabot  converter  is  a  combination  of  a  few-phase  primary 
and  many-phase  secondary  transformer  and  a  secondary  circuit  commutator 
driven  by  a  synchronous  motor.  Direct  current  of  high  voltage  can  be  readily 
produced,  e.  g.  for  radio  transmitters.  The  converter  has  a  lower  reactance 
voltage  than  the  standard  rotary  converter  and  has  other  constructional  and 
electrical  advantages. 
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ON  THE  POULSEN  ARC  AND  ITS  THEORY* 

(Supplementary  Note)! 

By 
P.  0.  Pedersen 

(Professor  in  the  Royal  Technical  College,  Copenhagen, 
Denmark) 

A.  Magnitude  of  Peak  Arc  Voltage  Required  for  Main- 
tained Oscillations  of  the  First  Kind 

An  approximate  solution  of  this  question  is  quite  simply  ob- 
tained, and  may,  therefore,  be  of  some  interest.  Figure  1  shows 
the  arc  current,  ?'i,  and  arc  voltage,  ei,  in  the  case  of  sustained 
oscillations  of  the  first  kind.     The  arc  voltage  is  supposed  to  be 


Figure  1 — Diagram  of  arc  current  (I'l)  and  are  voltage  (ci)  for  oseillations  of 
the  first  type  (that  is,  oscillations  without  interruption  of  current  thru  arc) 

*  Proceedings  of  The  Institute  of  Radio  Engineers,  volume  5,  num- 
ber 4,  page  255.  The  noinenelature  given  on  pages  315  and  310  of  that  paper 
applies  also  to  the  present  pa{x'r. 

t  Received  by  the  Editor,  December  18,  1918. 


constant  and  equal  to  Eh  for  currents  greater  than  /-'.     The  part 
a  6  c  of  the  current  curve  can,  therefore,  be  written  in  the  form 

lo - h  =  /lo  =  Ir/  ^ "" '  COS  (2znt-<t>),  (1) 

where  /,«'  is   the   initial  maximum  amplitude   of  the  current; 
while 

r>  

«  =  -— ,   and   2-nV^C  =  l. 
Z  Li 

At  the  point  c  of  the  current  curve,  the  voltage  commences 
to  increase,  and  fg  h  represents  the  peak;  the  corresponding  part 
of  the  current  curve  is  ccha'.  We  shall  now  determine  the  rela- 
tion between  the  euvvesfgh  and  cd„a\ 

For  the  arc  voltage  e\  we  have 


at 


^  +  l^idt,  (2) 


ii  being  the  arc  current  and  L,  R,  and  C  the  constants  of  the  r.f. 
circuit. 

If  we  put  i  =  iio  —  ii  where  ?io  is  a  current  as  determined  by 
(1),  then  ii  is  the  difference  between  this  current  and  the  actual 
arc  current,  that  is,  between  the  curves  cde  and  cdocr  in  Fig- 
ure 1. 

Substituting  the  above  expression  for  ?i  in  (2),  we  get  the 
following  equation : 

e/  =  e,-Eh=L^+Rh-\-^Jhdt.  (3) 

However,  ii'  is  so  small  that  the  last  two  terms  may  be  neg- 
lected, and  (3)  may  therefore  be  written 

e/  =  e,-E,=L'^  (4) 


or 

^l  = 


^re,'dt  =  ^Cie,-Eh)dt.  (5) 

At  the  point  h,  the  arc  voltage  again  reaches  its  normal  value 
Eb,  and  at  the  corresponding  point  a'  the  current  curve  again  be- 
gins to  be  represented  by  an  equation  of  the  form  shown  in  (1). 
The  maximum  amplitude  in  the  point  d  is  reduced  to  Im\  and  if 
the  oscillations  are  to  continue  with  the  same  intensity,  the 
maximum  amplitude  at  the  point  d'  must  be  equal  to  /„,".  The 
peak  fgh  must,  therefore,  be  such  as  to  be  able  just  to  cause 
this  increase  in  maximum  amplitude  from  /„/'  to  /„,*,  if  the  oscil- 
lations are  to  continue.     If  the  peak  is  lower,  the  amplitude  will 

294 


decrease  continuall}'^  and  the  arc  becomes  "inactive"  or  non-os- 
cillatory. If  the  peak  is  higher,  the  amplitude  will  increase,  and 
eventually  becomes  greater  than  lo,  the  oscillations  then  being 
of  the  second  kind. 

The  area  U  oi  the  peak  such,  that  it  is  just  possible  to  sus- 
tain the  oscillations  is,  according  to  (5),  determined  by 

U=  I    {e,-E^)dt=Lh;/,  (6) 

where  /i//  is  the  greatest  value  of  n'  and  corresponds  to  the  point 
a'  of  the  current  curve.  For  oscillations  of  constant  amplitude, 
this  value  iih'  must  very  nearly  be  equal  to  I^n—I,,"  =  o  Ivi%  where 

the    logarithmic    decrement    d  =  ~  R  ^Jy.     Equation    (6)    may, 

therefore,  be  written 

U  =L  S I,:  =  -R  VlC  •  /„/  =  ~f^,  •  /„/.  (7) 

This  formula  agrees  with  formula    (59)   of  the  former  paper. 
Formula  (7)  ma}^  easily  be  obtained  in  another  way.     During 
one  complete  period,  the  feeding  current  delivers  an  amount  of 
energy  A  to  the  r.f.  circuit,  and  to  the  arc,  such  that 

p+r  fh 

I        he,dt=hE,T^j    h{e,-E,)dt  =  hE,z+LU       (8) 

The  first  term,  loEh  z,  represents  the  energy  spent  in  the  arc, 
while  the  second  term,  /,,  U,  is  the  energy  delivered  to  the  r.f. 
circuit. 

Accordingly  we  have 

hU-=r-Rr^^I„;''-R27:y/LC  =  -RVLClm-  (9) 

But  Im''  is  very  nearly  equal  to  lo,  and  (9)  accordingly  reduces  to 

IJ  =  7:R-VLC-IJ 
which  was  to  be  shown. 

B.  Magnetic  Field  of  the  Poulsen  Arc 

The  experimental  evidence  given  in  the  former  paper  show- 
ing that  the  arc  in  too  weak  a  field  behaves  as  shown  by  the 
sketch  in  Figure  19  of  that  paper,  may,  perhaps,  be  deemed 
somewhat  meagre.  In  fact,  the  evidence  consisted  only  of  part 
h  of  Figure  17b.  Some  crater  oscillograms  and  side  views  which 
will  probably  be  more  convincing  are  therefore  given  in  Figure 
2  of  this  paper.  Parts  6,  h'  correspond  to  a  normal  field,  c,  c' 
and  d,  d'  to  fields  which  are  too  weak.  A  comparison  with  Fig- 
ure 19  of  the  first  paper  shows  a  complete  agreement. 
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A  = 


In  parts  a,  a'  of  Figure  2  the  magnetic  field  is  too  strong. 
The  crater  curve  in  this  case,  however  (contrarj^  to  what  is  the 
case  in  parts  c  and  d  of  Figure  17b  of  the  former  paper),  consists 
onh'  of  a  single  curve  for  each  period.  It  thus  appears  that  the 
crater  curve  in  strong  fields  does  not  always  split  up  into  a  num- 
ber of  separate  parts.     This  being  so,  there  is  some  probability 


Figure  2 — Side  Views  of  Arc  and  Corresponding  Crater  Oscillograms 
.\node  to  the  left.       /=9,000m.;  i2  =  0;  /„  =  20  amperes 
Parts  a,  a' — magnetic  field  too  strong         (Fo  =  120  volts) 
Parts  h,  b' — normal  magnetic  field  (V„=   60  volts) 

Parts  c,  c' — magnetic  field  too  weak  (T'o  =  100  volts) 

Parts  d,  d' — magnetic  field  too  weak  (T'o  =  118  volts) 


that  the  preliminary  hj^pothesis  relative  to  the  behavior  of  th^ 
arc  in  excessively  strong  fields  put  forth  in  the  former  paper,  and 
referred  to  in  connection  with  Figure  18 II,  is  not  altogether  cor- 
rect. The  different  parts  of  the  crater  curve  corresponding  to 
the  time  of  one  period  may  possibly  be  formed  simultaneously, 
the  arc  consisting  of  separate  parts  which  are  forced  outward  in 
the  same  manner  by  the  magnetic  field.  From  the  data  at  hand 
I  have  not  j^et  been  able  to  decide  which  of  the  two  views  is  the 
correct  one.  To  quote  the  former  paper:  "A  full  elucidation  of 
these  phenomena  will,  therefore,  necessitate  further  investiga- 
tion"  (former  citation,  page  297).* 


*  In  the  bibliography  given  in  my  former  paper  I  had  unfortunately  over- 
looked an  important  paper  by  G.  Grandquist  (Nova  Acta  Reg.  Soc.  Sc.  Ups., 
Series  IV,  volume  1,  1907)  dealing  with  the  theory  of  the  Duddell  arc. 
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SUMMARY:  Continuing  the  discussion  of  sustained  oscillations  of  the 
first  or  second  type  produced  by  Poulsen  arcs,  as  given  in  his  earlier  paper 
in  the  PROCEEDINGS,  the  author  derives  an  approximate  value  for  the  peak 
voltage  required  for  the  maintenance  of  such  oscillations. 

He  then  presents  further  experimental  data  on  the  nature  of  the  arc  in 
normal  or  too  weak  or  strong  magnetic  fields.  He  also  considers  the  question 
of  the  simultaneous  versus  sequential  production  of  separate  arcs  during  a 
period,  when  the  arc  takes  place  in  a  very  strong  field. 
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I.     Introduction 

In  the  following  paper  are  outlined  some  results  of  the  appli- 
cation of  the  theory  of  circuits  having  uniformly  distributed 
electrical  characteristics  to  the  electrical  oscillations  in  antennas 
and  inductance  coils.  Experimental  methods  are  also  given  for  de- 
termining the  constants  of  antennas  and  experimental  results 
showing  the  effect  of  imperfect  dielectrics  upon  antenna  resistance. 

The  theory  of  circuits  having  uniformly  distributed  charac- 
teristics such  as  cables,  telephone  lines,  and  transmission  lines 
has  been  applied  to  antennas  by  a  number  of  authors.  The 
results  of  the  theory  do  not  seem  to  have  been  clearly  brought 
out,  and  in  fact  erroneous  results  have  at  times  been  derived 
and  given  prominence  in  the  literature.  As  an  illustration, 
in  one  article  the  conclusion  has  been  drawn  that  the  familiar 
method  of  determining  the  capacity  and  inductance  of  antennas 
by  the  insertion  of  two  known  loading  coils  leads  to  results  which 
are  in  very  great  error.  In  the  following  treatment  it  is  shown 
that  this  is  not  true  and  that  the  method  is  very  valuable. 

Another  point  concerning  which  there  seems  to  be  consider- 
able uncertainty  is  that  of  the  effective  values  of  the  capacity, 
inductance  and  resistance  of  antennas.  In  this  paper  expres- 
sions are  obtained  for  these  quantities  giving  the  values  which 
would  be  suitable  for  an  artificial  antenna  to  represent  the  actual 
antenna  at  a  given  frequency. 

The  theory  is  applied  also  to  the  case  of  inductance  coils 
with  distributed  capacity  in  which  case  an  explanation  of  a 
well-known  experimental  result  is  obtained. 

Experimental  methods  are  given  for  determining  the  con- 
stants of  antennas,  the  first  of  which  is  the  familiar  method 
previously  mentioned.  It  is  shown  that  this  method  in  reality 
gives  values  of  capacity  and  inductance  of  the  antenna  close  to 
the  low  frequency  or  static  values  and  may  be  corrected  so  as  to 
give  these  values  very  accurately.  The  second  method  con- 
cerns the  determination  of  the  effective  values  of  the  capacity, 
inductance,  and  resistance  of  the  antenna. 

In  the  portion  which  deals  with  the  resistance  of  antennas, 
a  series  of  experimental  results  are  given  which  explain  the 
linear  rise  in  resistance  of  antennas  as  the  wave  length  is  in- 
creased. It  is  shown  that  this  characteristic  feature  of  antenna 
resistance  curves  is  caused  by  the  presence  of  imperfect  dielec- 
tric such  as  trees,  buildings,  ai^d  so  on,  in  the  field  of  the 
antenna,  which  causes  it  to  behave  as  an  absorbing  condenser. 
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11.     Circuit  with  Uniformly  Distributed  Inductance  and 

Capacity 

The  theory,  generally  applicable  to  all  circuits  with  uni- 
formly distributed  inductance  and  capacity,  will  be  developed 
for  the  case  of  two  parallel  wires.  The  wires  (Figure  1)  are  of 
length  I  and  of  low  resistance.     The  inductance  per  unit  length 


Figure  1 

Li  is  defined  by  the  flux  of  magnetic  force  between  the  wires  per 

unit  of  length  that  there  would  be  if  a  steady  current  of  one 

ampere  were  flowing  in  opposite  directions  in  the  two  wires. 

The  capacity  per  unit  length  Ci  is  defined  by  the  charge  that 

there  would  be  on  a  unit  length  of  one  of  the  wires  if  a  constant 

emf.  of  one  volt  were  impressed  between  the  wires.     Further  the 

quantity  L^  =  lLi  would  be  the  total  inductance  of  the  circuit 

if  the  current  flow  were  the  same  at  all  parts.     This  would  be 

the  case  if  a  constant  or  slowly  alternating  voltage  were  applied 

at  rr  =  0  and  the  far  end  (x  =  l)  short-circuited.     The  quantity 

Co  =  lCi  would  represent  the  total  capacity  between  the  wires 

if  a  constant  or  slowly  alternating  voltage  were  applied  at  x  =  0 

and  the  far  end  were  open. 

Let  us  assume,  without  defining  the  condition  of  the  circuit 

a.t  x  =  l,  that  a  sinusoidal  emf.  of  periodicity  <«>  =  2  T^/is  impressed 

at  X  =  0  giving  rise  to  a  current  of  instantaneous  value  i  at  A  and 

a  voltage  between  A  and  D  equal  to  v.     At  B  the  current  will  be 

d  i  d  V 

i-\-  T—  dx  and  the  voltage  from  B  to  C  will  be  i'  +  -r-  dx. 

dx  ax 

The  voltage  around  the  rectangle  ABC D  will  be  equal  to 

the  rate  of  decrease  of  the  induction  thru  the  rectangle;  hence 


(„+|^)rf^_,=  _|^(i,,dx) 


^-"=-/4;  (1) 

ax  at 

Further  the  rate  of  increase  of  the  charge  q  on  the  elementary 
length  of  wire  AB  will  be  equal  to  the  excess  in  the  current 
flowing  in  at  A  over  that  flowing  out  at  B. 
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Hence 


_  6  z  _      d  V 


(2) 


These  equations  (1)  and  (2),  determine  the  propagation  of  the 
current  and  voltage  waves  along  the  wires.  In  the  case  of 
sinusoidal  waves,  the  expressions 

V  =  cos  10 1  (A  cos  (0  -y/CiLi  x -\-B  sin  to  s/Ci Li  x)  (3) 


i  =  sin  (0  t  ^/— ^  {A  sin  (o  \/Ci  Li  x  —B  cos  co  y/Ci Li  x)        (4) 

are  solutions  of  the  above  equations  as  may  be  verified  bj^  sub- 
stitution. The  quantities  A  and  B  are  constants  depending 
upon  the  terminal  conditions.  The  velocity  of  propagation  of 
the  waves  at  high  frequencies,  is 

1 


VLiCi 


III.     The  Antenna 

1.     Reactance  of  the  Aerial-Ground  Portion 

The  aerial-ground  portion  of  the  antenna  {CD  in  Figure  2) 
will  be  treated  as  a  line  with  uniformly  distributed  inductance, 
capacit}^  and  resistance.     As  is  common  in  the  treatment  of 

c  D 

'  y.  A  A  I  K  \  <  >  >;  >  I  '0\  >  >  /  \\  \>  Tt  ,< 
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Figure  2 — Antenna  Represented  as  a  Line  with 
Uniform  Distribution  of  Inductance  and  Capacity 


radio  circuits,  the  resistance  will  be  considered  to  be  so  low  as 
not  to  affect  the  f requeue}^  of  the  oscillations  or  the  distribution 
of   current   and   voltage.     The   lead-in    B  C    (Figure  2)  will  be 
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considered  to  be  free  from  inductance  or  capacity  excepting  as 
inductance  coils  or  condensers  are  inserted  (at  A)  to  modify  the 
oscillations. 

Applying  equations  (3)  and  (4)  to  the  aerial  of  the  antenna 
and  assuming  that  x  =  0  is  the  lead-in  end  while  x^l  is  the  far 
end  which  is  open,  we  may  introduce  the  condition  that  the 
current  is  zero  for  x  =  I.     From  (4) 

A 


cotwVCiLil  (5) 

Now  the  reactance  of  the  aerial,  which  includes  all  of  the  an- 
tenna but  the  lead-in,  is  given  by  the  current  and  voltage  at 
x^O.     These  are,  from  (3),  (4),  and  (5), 


Vg  =  A  COS  CO  t  =B  cot  oi  a/Ci  Li  I  cos  w  t 

io=  —y^~B  sin  CO  t 

The  current  leads  the  voltage  when  the  cotangent  is  positive, 
and  lags  when  the  cotangent  is  negative.  The  reactance  of  the 
aerial,  given  by  the  ratio  of  the  maximum  values  of  Vg  to  ig  is 

X^  —  ^— i  cot  CO  s/Ci Li  I 

or  in  terms  of  C,j  =  lCi  and  L(,  =  lLi 

X=-J^^"cotcoVCX',  (6) 

\  '-  o 
.r  1 

or  smce  V  — 


VLiCi  _  _ 

X=-LiVcot(o\/c,L,l 
as  given  by  J.  S.  St  one. ^ 

At   low   frequencies   the    reactance    is    negative    and    hence 

1 

the  aerial  behaves  as  a  capacitv.     At  the  fi-equencv  /  =  .     /        ■ 

■4    \/LgLo 

the  reactance  becomes  zero  and  bevond  this  fi'equeiu'v  is  i)()sitive 

1 

or  inductive  up  to  the  frequency  /*=.-,     /7n~i  ^'^  which  the  re- 

^  V  CoLo 

actance  becomes  infinite.  This  variation  of  the  aerial  reac- 
tance with  the  frequency  is  shown  l)v  the  cotangent  curves  in 
Figure  3. 

'Stone,  J.  H.;  "Trans.  Int.  Elec.  Congre.ss,"  St.  Luuis,  3,  p.  ^,'^'^•,  1904. 
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Figure  3 — ^Variation  of  the  Reactance  of  the  Aerial  of  an  Antenna  with 
the  Frequency 


2.     Natural  Frequencies  of  Oscillation 

Those  frequencies  at  which  the  reactance  of  the  aerial,  as 
given  by  equation  (6),  becomes  equal  to  zero  are  the  natural 
frequencies  of  oscillation  of  the  antenna  (or  frequencies  of  re- 
sonance) when  the  lead-in  is  of  zero  reactance.  They  are  given 
in  Figure  3  by  the  points  of  intersection  of  the  cotangent  curves 
with  the  axis  of  ordinates  and  by  the  equation 


/= 


m 


ni=l,  3,  5,  etc. 


4:VCoLo' 

The  corresponding  wave  lengths  are  given  by 

I  4j 

7n 


i.  e.,  4/1,  4/3,  4/5,  4/7,  etc.,  times  the  length  of  the  aerial.  If, 
however,  the  lead-in  has  a  reactance  X^.,  the  natural  frequencies 
of  oscillation  are  determined  by  the  condition  that  the  total 
reactance  of  lead-in  plus  aerial  shall  be  zero,  that  is: 

X,+  X  =  0 

provided  the  reactances  are  in  series  with  the  driving  emf. 

(a)     Loading  Coil  in  Lead-In.     The  most  important  prac- 
tical case  is  that  in  which  an  inductance  coil  is  inserted  in  the 
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lead-in.  If  the  coil  has  an  inductance  L  its  reactance  Xl  =  (oL. 
This  is  a  positive  reactance  increasing  linearly  with  the  fre- 
quency and  represented  in  Figure  4  by  a  solid  line.  Those  fre- 
quencies at  which  the  reactance  of  the  coil  is  equal  numerically 
but  opposite  in  sign  to  the  reactance  of  the  aerial,  are  the  natural 
frequencies  of  oscillation  of  the  loaded  antenna  since  the  total 
reactance  Xi+ A' =  0.     Graphically  these  frequencies  are  deter- 
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Figure  4 — Curves  of  Aerial  and  Loading  Coil  Reactances 


mined  by  the  intersection  of  the  straight  line  —  Xi^  ^^  —  co  L 
(shown  by  a  dashed  line  in  Figun^  4)  with  the  cotangent  curves 
representing  X.  It  is  evident  that  the  frequency  is  lowered  bj'^ 
the  insertion  of  the  loading  coil  and  that  the  higher  natural  fre- 
quencies of  oscillation  are  no  longer  integral  multiples  of  the 
lowest  frequency. 

The  condition  Xi^-\-  X  =  0  which  determines  the  natural  fre- 
quencies of  oscillation  leads  to  the  equation 


•  L  —  y\~'  cot  (0  y/Co  Lo  =  0 


or 


cot(o  -y/CoLo  _  L 
CO  Vcjio        J^o 
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This  equation  has  been  given  by  Guyau-  and  L.  Cohen. ^  It 
determines  tlie  periodicity  w  and  hence  the  frequency  and  wave 
length  of  the  possible  natural  modes  of  oscillation  when  the 
distributed  capacity  and  inductance  of  the  aerial  and  the  in- 
ductance of  the  loading  coil  are  known.  This  equation  cannot, 
however,  be  solved  directly;  it  may  be  solved  graphically  as 
shown  in  Figure  4  or  a  table  may  be  prepared  indirectlj^  which 


gives  the  values  of  ^«;  \/Co  Lo  for  different  values  of—,   from 

which  then  co,  f  or  /  may  be  determined.  The  second  column 
of  Table  I  gives  these  values  for  the  lowest  natural  frequency 
of  oscillation,  which  is  of  major  importance  naturally. 

(b)     Condenser  in  Lead-In.     At  times,  in  practice,  a  con- 
denser is  inserted  in  the  lead-in.     If  the  capacity  of  the  condenser 

is  C,  its  reactance  is  Xc  = 


:C 


This  reactance  is  shown  in 


Figure  5  by  the  hyperbola  drawn  in  solid  line.     The  intersection 


Figure  5 — Curves  of  Aerial  and  Series  Condenser  Reactances 


of  the  negative  of  this  curve  (drawn  in  dashed  line)  with  the 
cotangent  curves  representing  X  gives  the  frequencies  for  which 

^ Guyau,  A.;  "Lumiere  Electrique,"  15,  p.  13;  1911. 
3 Cohen,  L.;  "Electrical  World,"  65,  p.  286;  1915. 
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TABLE   I 
DATA  FOR  LOADED  ANTENNA  CALCULATIONS 


L 

(0  ^CoL„ 

1 

Differ- 
ence, per 
cent 

L 
Lo 

o>  ^C„Lo 

1 

Differ- 

^Lj3 

^L„^3 

ence,  per 
cent 

0.0 

1.571 

1.732 

10  3 

3.1 

0.539 

0.540 

0.1 

.1 

1.429 

1.519 

6.3 

3.2 

.532 

.532 

1 

2 

1.314 

1.369 

4.2 

3.3 

.524 

.525 

1 

.3 

1.220 

1.257 

3.0 

3.4 

.517 

.518 

1 

A 

1.142 

1.168 

2.3 

3.5 

.510 

.511 

1 

.5 

1.077 

1.095 

1.7 

3.6 

.504 

.504 

0 

.6 

1.021 

1.035 

1.4 

3.7 

.4977 

.4979 

0 

.7 

.973 

.984 

1.1 

3.8 

.4916 

.4919 

0 

.8 

.931 

.939 

.9 

3.9 

.4859 

.4860 

0 

.9 

.894 

.900 

.7 

4.0 

.4801 

.4804 

0 

1.0 

.860 

.866 

.7 

4.5 

.4548 

.4519 

0 

1.1 

.831 

.835 

.5 

5.0 

.4330 

.4330 

0 

1.2 

.804 

.808 

.5 

5.5 

.4141 

1.3 

.779 

.782 

.4 

6.0 

.3974 

1.4 

.757 

.760 

.4 

6.5 

.3826 

1.5 

.736 

.739 

.4 

7.0 

.3693 

1.6 

.717 

.719 

.3 

7.5 

.3574 

1.7 

.699 

.701 

.3 

8.0 

.3465 

l.S 

.683 

.685 

.3 

8.5 

.3366 

1.9 

.668 

.689 

.3 

9.0 

.3275 

2.0 

.653 

.655 

.3 

9.5 

.3189 

2.1 

.640 

.641 

2 

10.0 

.3111 

2  2 

.627 

.628 

>2 

11.0 

.2972 

2.3 

.615 

.616 

2 

12.0 

.2850 

2.4 

.604 

.605 

2 

13.0 

.2741 

2.5 

.593 

.594 

2 

14.0 

.2644 

2.6 

.583 

.584 

2 

15.0 

.2556 

2.7 

.574 

.574 

2 

16.0 

.2476 

2.8 

.564 

.565 

.1 

17.0 

.2402 

2.9 

.556 

.556 

.1 

18.0 

.2338 

3.0 

.547 

.548 

.1 

19.0 
20.0 

.2277 
.2219 

307 


Xc+X  =  0,  and  hence  the  natural  frequencies  of  oscillation  of 
the  antenna.  The  freciuencies  are  increased  (the  wave  length 
decreased)  by  the  insertion  of  the  condenser  and  the  oscillations 
of  higher  frequencies  are  not  integral  multiples  of  the  lowest. 
The  condition  A"c+ A'  =  0  is  expressed  by  the  equation 

tan  (0  \/c„Lo  _  C_ 


(9) 


CO  -s/CoLo 

which  has  been  given  bj^  Guyau.     Equation  (9)  may  be  solved 
graphically  as  above  or  a  table  similar  to  Table  I  may  be  prepared 

C 


giving  co\^CoLo  for  different  values  of 


Co' 


]\Iore  complicated 


circuits  may  be  solved  in  a  similar  manner, 


3.     Effective  Resistance,  Inductance,  and  Capacity 

In  the  following,  the  most  important  practical  case  of  a  load- 
ing coil  in  the  lead-in  and  the  natural  oscillation  of  lowest  fre- 
quence' will  alone  be  considered.  The  problem  is  to  replace 
the  antenna  of  Figure  6  (a)  which  has  a  loading  coil  L  in  the  lead- 
in  and  an  aerial  with  distributed  characteristics  by  a  circuit 
Figure  6  (b)  consisting  of  the  inductance  L  in  series  with  lumped 
resistance  Re,  inductance  L^,  capacity  Cg,  which  are*equivalent 
to  the  aerial.  It  is  necessaiy,  however,  to  state  how  these 
effective  values  are  to  be  defined. 


LU 


nmr^ 


tH) 


Figure  6 


In  practice  the  quantities  which  are  of  importance  in  an 
antenna  are  the  resonant  wave  length  or  frequency  and  the 
current  at  the  current  maximum.  The  quantities  Lg  and  Ce 
are,  therefore,  defined  as  those  which  will  give  the  circuit  (b)  the 
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same  resonant  frequency  as  the  antenna  in  (a).  Further  the 
three  quantities  L^,  C^,  and  R^  must  be  such  that  the  current  in 
(b)  will  be  the  same  as  the  maximum  in  the  antenna  for  the 
same  applied  emf.  whether  undamped  or  damped  with  any 
decrement.  These  conditions  determine  Lg,  C^,  and  R^  uniquely 
at  any  given  frequenc}',  and  are  the  proper  values  for  an  arti- 
ficial antenna  which  is  to  represent  an  actual  antenna  at  a  particu- 
lar frequency.  In  the  two  circuits  the  corresponding  maxima 
of  magnetic  energies  and  electrostatic  energies  and  the  dissipa- 
tion of  energy  will  be  the  same. 

Zenneck^  has  shown  how  these  effective  values  of  inductance 
capacity  and  resistance  can  be  computed  when  the  current  and 
voltage  distributions  are  known.  Thus,  if  at  any  point  x  on 
the  oscillator,  the  current  i  and  the  voltage  v  are  given  by 

i  =  If{x);v  =  V<f>{x) 

where  /  is  the  value  of  the  current  at  the  current  loop  and  V 
the  maximum  voltage,  then  the  differential  equation  of  the 
oscillation  is 

fCi<f>(xydx 

where  the  integrals  are  taken  over  the  whole  oscillator.  If  we 
write 

R.=  fRJ(xydx  (10) 

L,=  fLJ{xydx  (11) 

{fC,<t>{x)dxy  .        ^ 

'    7cr<f>{xydx  ^ -^^ 

the  equation  becomes 

which  is  the  differentia]  equation  of  oscillation  of  a  simple  cii- 
cuit  with  lumped  resistance,  inductance,  and  capacity  of  values 
Re,  Lf,  and  C^  and  in  which  the  current  is  the  same  as  the  maxi- 
mum in  the  distributed  case.  In  order  to  evaluate  these  quan- 
tities, it  is  necessary  only  to  determine  /  (x)  and  <^  (x) ;  that  is, 
the  functions  which  specif}^  the  distribution  of  cuirent  and  vol- 
tage on  the  oscillator.  In  this  connection  it  will  be  assumed 
that  the  resistance  is  not  of  importance  in  determining  these 
distributions. 


^Zenneck,  "Wireless  Telegraphy"  (Translated  bv  A.  K.  Seelig),  Note  40, 
410. 
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At  the  far  end  of  the  aerial  the  current  is  zero,  that  is  for 
x  =  l;  ii  =  0.     From  equations  (3)  and  (4)  for  x  =  l 

Vi  =  cos  CO  t  (A  cos  CO  -\/CiLi  l-^B  sin  co  \^CiLi  l) 

ii  =  si7i  CO  t  ^/y^  (A  si7i  CO  s/CiLi  I  —B  cos  co  \/Ci Li  l) 

and  since  ?';  =  0 

A  sin  CO  \/Ci Li  /  =B  cos  co  s/Ci Li  I 

From  (3)  then  we  obtain 

V  =  Vi  cos  {co  s/CiLi  I  —  CO  -v/CiLi  x) 
Hence  <t>  {x)^cos  {cv  VCiLi  I  —  cu  v^CiLi-r) 

Now  for  .r  =  0  from  (4)  we  obtain 


whence 
and 


io  =  —B  -»  Ip  6m  CO  t  =  —A  ^jy  tan  co  \/CiLi  I  sin  co  t 
._  .  sin  {co  VCiLi  1—0)  VC'iLi  x) 


sin  CO  \/CiLil 


r(\  _  sin  {co  y/CiLil  —  co  s/CiLi  x) 
sin  CO  \/CiLi  I 


We  can  now  evahiate  the  expressions  (10),  (11),  and  (12).     From 
(10) 


Rp  = 


Rx 


-  {co  VC'iLi/  — w  VCiLi-r)  dx 


sin-co-y/CiLj 

R 

2 


sbi^  o)  y/CiLi  I 

1  sin2  co-\/CiLil 

2  4  ft)  V(\Li     . 
cot  fO  \^  ^ 


o\  1 cot<o\^C^Lo\ 

Isin^to^CoLo        co\/CoLo    J 


(0\/Co 

and  from  (11)  which  contains  the  same  form  of  integral 


L.= 


2  lsin-co\/CoLo 


cotcoy/CoLo 

CO\/CoLo 


(13) 
(1^) 


and  from  (12) 


C. 


{J^'qCiCOs  {co^'Ci Lj-ioVCiLix)  dx\' 
y^oCi  cos-  {co  VCi  Li  / - (0  VCi  Li  x)  d X 
sin'^  CO  -y/Ci  Li  I 


C,' 


{coVCrL,y 


I  ,  sin2co\/CiLil 


Cr 


4  CO  VCi  Li 


C' 


(15) 


(0  ^s/Co  Lo  cot  CO  -y/Co  Lo 


2si7i-  CO\/CoLo. 
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The  expressions  (14)  and  (15)  should  lead  to  the  same  value 
for  the  reactance  X  of  the  aerial  as  obtained  before.  It  is  readily 
shown  that  

X  =  ojLg —  =  —\w  co^  CO  -s/Co  Lo 

agreeing  with  equation   (6). 

It  is  of  interest  to  investigate  the  values  of  these  quantities 
at  very  low  frequencies  (w  =  0),  frequently  called  the  static 
values,  and  those  corresponding  to  the  natural  frequency  of 
the  unloaded  antenna  or  the  so-called  fundamental  of  the  an- 
tenna. Substituting  <t»  =  Oin  (13),  (14),  and  (15)  and  evaluating 
the  indeterminant  which  enters  in  the  first  two  cases  we  obtain 
for  the  low  frequency  values 

Ce  =  Co  (16) 

At  low  frequencies,  the  current  is  a  maximum  at  the  lead-in 
end  of  the  aerial  and  falls  off  linearly  to  zero  at  the  far  end. 
The  effective  resistance  and  inductance  are  one-third  of  the 
values  which  would  obtain  if  the  current  were  the  same  thruout. 
The  voltage  is,  however,  the  same  at  all  points  and  hence  the 
effective  capacity  is  the  capacity  per  unit  length  times  the 
length  or  Cg. 

At   the   fundamental   of   the   antenna,   the   reactance  A"  of 


equation  (6)  becomes  equal  to  zero  and  hence  io\^CoLo  =^- 
Substituting  this  value  in  (13),   (14),  and  (15) 

i,  =  ^'      /  (17) 

Hence  in  going  from  low  frequencies  up  to  that  of  the  funda- 
mental of  the  antenna,  the  resistance  (neglecting  radiation  and 
skin  effect)  and  the  inductance  (neglecting  skin  effect)  increase  by 
fifty  per  cent.,  the  capacitj^,  however,  decreases  by  about  twenty 

2  2 

per  cent.     The  incorrect  values     -  L^  and  -  C^  have  been  frc- 


quently  given  and  commonly  used  as  the  values  of  the  effective 
inductance  and   capacity  of  the  antenna  at  its  fundamental. 

These  lead  also  to  the  incorrect  value  L.  =  —^  for  the   low  fre- 

2 

quency  inductance^. 

The  values  for  other  frequencies  may  be  obtained  by  sub- 
stitution in  (13),  (14),  (15).  If  the  value  L  of  the  loading  coil 
in  the  lead-in  is  given,  the  quantity  w  \/CoLo  is  directly  obtained 
from  Table  1. 


4.     Equivalent  Circuit  with  Lumped  Constants 

Insofar  as  the  frequency  or  wave  length  is  concerned,  the 
aerial  of  the  antenna  may  be  considered  to  have  constant  values 
of  inductance  and  capacity  and  the  values  of  frequency  or  wave 
length  for  different  loading  coils  may  be  computed  with  slight 
error  using  the  simple  formula  applicable  to  circuits  with  lumped 
inductance  and  capacity.     The  values  of  inductance  and  capacity 

ascribed  to  the  aerial  are  the  static  or  low  frequency,  that  is,  -~ 

for  the  inductance  and  €„  for  the  capacity.     The  total  inductance 

in  case  the  loading  coil  has  a  value  L  will  be  L-\-—°  and  the 

o 

frequency  is  given  by 

1 

/= 


or  the  wave  length  in  meters  by 


L+|)C„  ('«) 


a  =  1S84^(l-^^^Co  (19) 

where  the  inductance  is  expressed  in  microhenrys  and  the  capacity 
in  microfarads.  The  accuracy  with  which  this  formula  gives 
the  wave  length  can  be  determined  by  comparison  with  the 
exact  formula  (8).     In  the  second  column  of  Table  I  are  given 

^  These  values  are  given  by  J.  H.  IMorecroft  in  "Proc.  I.  R.  E."  5,  p.  389, 
1917.  It  may  be  shown  that  they  lead  to  correct  values  for  the  reactance  of 
the  aerial  and  hence  to  correct  values  of  frequency  as  was  verified  by  the  ex- 
periments. They  are  not,  however,  the  values  which  would  be  correct  for  an  ar- 
tificial antenna  in  which  the  current  must  equal  the  maximum  in  the  actual 
antenna  and  in  which  the  energies  must  also  be  equal  to  those  in  the  antenna. 
The  resistance  values  given  by  Prof.  Morecroft  agree  with  these  requirements 
and  with  the  values  obtained  here. 

Values  for  the  effective  inductance  and  capacity  in  agreement  with  those 
of  equation  (17)  above  have  been  given  by  G.  W.  O.  Howe,  "Yearbook  of 
Wireless  Telegraphy  and  Telephony,"  page  699,  1917. 
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the  values  of  (oy/Co  Lo  for  different  values  of  Lg  as  computed  by 
formula  (8).     Formula  (18)  may  be  written  in  the  form 

(0  s/Lo  Co  = 


\L.  +  3 


so  that  the  values  of  co  \/CoLo,  which  are  proportional  to  the 
frequency,  may  readily  be  computed  from  this  formula  also. 
These  values  are  given  in  the  third  column  of  Table  I  and  the 
per  cent,  difference  in  the  fourth  column.  It  is  seen  that  formula 
(18)  gives  values  for  the  frequency  which  are  correct  to  less  than 
a  per  cent.,  excepting  when  very  close  to  the  fundamental  of  the 
antenna,  i.  e.,  for  very  small  values  of  L.  Under  these  con- 
ditions the  simple  formula  leads  to  values  of  the  frequency 
which  are  too  high.  Hence  to  the  degree  of  accuracy  shown, 
which  is  amply  sufficient  in  most  practical  cases,  the  aerial  can 

he  represented  by  its  static  inductance  — ^  with  its  static  capacity  Co 

o 

in  series,  and  the  frequency  of  oscillation  with  a  loading  coil  L 
in  the  lead-in  can  he  computed  hy  the  ordinary  formula  applicahle 
to  circuits  with  lumped  constants. 

In  an  article  by  L.  Cohen, ^  which  has  been  copied  in  several 
other  pubhcations,  it  was  stated  that  the  use  of  the  simple  wave 
length  formula  would  lead  to  very  large  errors  when  applied 
to  the  antenna  with  distributed  constants.  The  large  errors 
found  by  Cohen  are  due  to  his  having  used  the  value  L„  for  the 

inductance  of  the  aerial,  instead  of  -^i   in  applying  the  simple 

o 

formula. 

IV.     The  Inductance  Coil 

The  transmission  line  theory  can  also  be  applied  to  the 
treatment  of  the  effects  of  distributed  capacity  in  inductance 
coils.  In  Figure  7  (a)  is  represented  a  single  layer  solenoid 
connected  to  a  variable  condenser  C.  A  and  B  are  the  terminals 
of  the  coil,  D  the  middle,  and  the  condensers  drawn  in  dotted 
lines  are  supposed  to  represent  the  capacities  between  the  dif- 
ferent parts  of  the  coil.  In  Figure  7  (b)  the  same  coil  is  repre- 
sented as  a  line  with  uniformly  distributed  inductance  and 
capacity.  These  assumptions  are  admittedly  rough,  but  are 
somewhat  justified  ])y  the  known  similarity  of  the  oscillations  in 
long  solenoids  to  those  in  a  simple  antenna. 

^  See  foot-note  3. 
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FiGrRE  7 — Inductance   Coil  Represented  as  a  Line  with  Uniform 
Distribution  of  Inductance  and  Capacitj- 


1.       REACTA^X'E    OF    THE    CoiL 

Using  the  same  notation  as  before,  an  expression  for  the 
reactance  of  the  coil,  regarded  from  the  terminals  A  B  (x  =  0), 
will  be  determined  considering  the  line  as  closed  at  the  far  end 
D{x^l).  Equations  (3)  and  (4)  will  again  be  applied,  taking 
account  of  the  new  terminal  condition,  that  is,  for  x  =  l;  v  =  0. 
Hence 


A  cos  CO  \/Ci  Li  I  =  —B  sin  co  \/Ci  Li  I 


and  for  .r  =  0 


v„  =  A  cos  CO  t  =  —B  tan  co  \^Ci  Li  I  cos  co  t 


lr.=    ~\I^B  Si7l   CO  t 

which  gives  for  the  reactance  of  the  coil  regarded  from  the 
terminals  A  B, 


or 


X'=J^'tancoVC\L,l 
X'  =  -J—"  tan  CO  \/Co  Lo 


(20) 


2.     Natural  Frequencies  of  Oscillation 

At  low  freciuencies,  the  reactance  of  the  coil  is  very  small 
and  positive,  but  increases  with  increasing  frequency  and  becomes 


infinite    when    co\/CoLo='iy-     This  represents  the  lowest    fre- 

cjuenc}'  of  natural  oscillation  of  the  coil  when  the  terminals  are 
open.  Above  this  frequency  the  reactance  is  highly  negative, 
approaching  zero  at  the  frequency  co  \/Co  Lo  =  "•  In  this  range 
of  frequencies,  the  coil  behaves  as  a  condenser  and  would  require 


an  inductance  across  the  terminals  to  form  a  resonant  circuit. 
At  the  frequency  (t)\/CoLo  =  -  the  coil  will  oscillate  with  its 
terminals  short-circuited.  As  the  frequency  is  still  further  in- 
creased the  reactance  again  becomes  increasingly  positive, 

(a)  Condenser  Across  the  Terminals.  The  natural  fre- 
quencies of  oscillation  of  the  coil  when  connected  to  a  condenser 
C  are  given  by  the  condition  that  the  total  reactance  of  the 
circuit  shall  be  zero. 


From  this  we  have 

\  C  o  cot 

or  cot  (0  \/Co  Lo  ^C 

coVcTLo     c,  ^^^^ 

This  expression  is  the  same  as  (8)  obtained  in  the  case  of  the 
loaded  antenna,  excepting  that  ^  occurs  on  the  right-hand  side 

instead  of  —  >  and  shows  that  the  frequency  is  decreased  and 
Lio 

wave  length  increased  bj^  increasing  the  capacity  across  the  coil 
in  a  manner  entirely  similar  to  the  decrease  in  frequency  pro- 
duced by  inserting  loading  coils  in  the  antenna  lead-in. 

3.     Equivalent  Circuit  with  Lumped  Constants 

It  is  of  interest  to  investigate  the  effective  values  of  induc- 
tance and  capacity  of  the  coil  at  very  low  frequencies.  Expand- 
ing the  tangent  in  equation  (20)  into  a  series  we  find 

X'  =  coL,{l  +  '^^"+   .   .   .  .) 

and  neglecting  higher  power  terms  this  ma}'  be  written 

{o>0  {--'■),) 

'I  \        to  to/ 


X'  = 


>L- 


W  Co 

This  is  the  reactance  of  an  inductance  Lo  in  parallel  with  a 

C 
capacity    -    which  shows  that  at  low  fiequencies  the  coil  may  be 
o 

C„ 
regarded  as  an  inductance  Lo  with  a  capacity  — ^  across  the 

o 

terminals  and,  therefore,  in  parallel  with  the  external  condenser 
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C.  Since  at  low  frequencies  the  current  is  uniform  thruout 
the  whole  coil,  it  is  self  evident  that  its  inductance  should  be  Lg. 
Now  the  similarity  between  equations  (21)  and  (8)  shows 
that,  just  as  accurately  as  in  the  similar  case  of  the  loaded 
antenna,  the  frequency  of  oscillation  of  a  coil  with  any  capacity  C 
across  the  terminals  is  given  by  the  formula 

/=        ' 


r:^JL„(c  +  fj  (22) 

This,  however,  is  also  the  expression  for  the  frequency  of  a 

C 
coil  of  pure  inductance  L^  with  a  capacity  — ^  across  its  terminals 

o 

and  which  is  in  parallel  with  an  external  capacity  C.  Therefore, 
insofar  as  frequency'  relations  are  concerned,  an  inductance  coil 
with  distributed  capacity  is  closely  equivalent  at  any  frequency  to 
a  pure  inductance,  equal  to  the  low  frequency  inductance  {neglect- 
ing skin  effect),  with  a  constant  capacity  across  its  terminals.  This 
is  a  well-known  result  of  experiment^  at  least  in  the  case  of 
single  laj^er  solenoids  which,  considering  the  changes  in  current 
and  voltage  distribution  in  the  coil  with  changing  frequencj^ 
is  not  otherwise  self-evident. 


V.     Antenna  Measurements 

1.     Determination  of  Static  Capacity  and  Inductance 

In  applying  formula  (8)  to  calculate  the  frequency  of  a  loaded 
antenna,  a  knowledge  of  the  quantities  L^  and  €„  is  required. 

In  applying  formula  (18),    ~  and  C„  are  required.    Hence  either 

o 

formula  may   be   used  if  the   static   capacity   and   inductance 

values  are  known.     We  will  call  these  values  simply  the  capacity 

Ca  and  inductance  L^,  of  the  antenna.     Hence  Ca  =  Co,  La  =  -^ 

o 

and  the  wave  length  from  (19)  is  given  by 


/  =  18M  V(L-hLa)Ca  (23) 

where  inductance  is  expressed  in  microhenrys  and  capacity  in 
microfarads  as  before. 

The  capacity  and  inductance  of  the  antenna  are  then  readilj- 
determined  expei'imentally  by  the  familiar  method  of  inserting, 

^G.  W.  O.  Howe;  "Proc.  Phys.  Soc,"  London,  ?4,  p.  2.51,  1912. 
F.  A.  Kolster;  "Proc.  Inst.  Radio  Engrs.,"  1,  p^  19,  1913. 
J.  C.  Hubbard;  "Phys.  Rev.,  9,  p.  529,"  1917. 
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one  after  the  other,  two  loading  coils  of  known  values  Ly  and  L^ 
in  the  lead-in,  and  determining  the  frequency  of  oscillation  or 
wave  length  for  each.  From  the  observed  wave  lengths  /i  and 
/2  and  known  values  of  the  inserted  inductances,  the  inductance 
of  the  antenna  is  given  by 

L«=^^^^4^¥^  (24) 

/r  — /2- 

and  the  capacity  of  the  antenna  from  either 


/i- 1884  V(Li+L„)Ca        -) 

/2  =  1884V'(L2+L„)C«        J  ^^""^ 

using  preferably,  the  equation  corresponding  to  the  larger  valued 
coil.     This  assumes  that  formula  (23)  holds  exactly. 

As  an  example  let  us  assume  that  the  antenna  has  Lo  =  50 
microhenries  and  Co  =  0.001  microfarad,  and  that  we  insert  two 
coils  of  50  and  150  microhenrys  and  determine  the  wave  lengths 
experimentalise  We  know  from  formula  (8)  and  Table  I  that 
the  wave  lengths  would  be  found  to  be  491  and  771  meters. 
From  the  observed  wave  lengths  and  known  inductances,  the 
value  of  La  would  be  found  by  (24)  to  be 

La  =  17.8  microhenrys 
and  from  (25) 

Ca  =  0.000999  microfarad. 

Ca  is  very  close  to  the  assumed  value  of  C^  but  L^  differs 

by  seven  per  cent,  from  — ".     This  accuracy  would  ordinarilj^  be 

o 

sufficient.     We  can,  however,  by  a  second  approximation,  de- 
rive from  the  experimental  data  a  more  accurate  value  of  La- 

For,  the  ol^sei'ved  value  of  La  furnishes  rough  values  of   j^  and   y 

Lo  Lo 

which  in  this  example  come  out  0.96  and  2.88,  respectively. 
But  Table  I  gives  the  per  cent,  ei-ror  of  formula  (23)  for  different 

values  of         and  shows  that  this  formula  gives  a  0.7  per  cent. 
L(j 

shorter  wave  length  than  491  meters  (or  488  meters)  for  y-  =0.96 

Lilt 

but  no  appreciable  difference  for  --=2.88.     Recomputing  L^ 

using  488  and  771  meters  gives 

L„  =  0.0168, 

which  is  practically  identical  with  the  assumed   -^'• 

o 
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2.     Determination   of  Effective   Resistance,  Inductance, 
AND  Capacity 

When  a  source  of  undamped  oscillations  in  a  primary  circuit 
induces  current  in  a  secondary  tuned  circuit,  the  current  in  the 
secondary,  for  a  given  emf.  depends  only  upon  the  resistance 
of  the  secondary  circuit.  When  damped  oscillations  are  sup- 
plied by  the  source  in  the  primary,  the  current  in  the  secondary, 
for  a  given  emf.  and  primary  decrement,  depends  upon  the  de- 
crement of  the  secondary,  i.  e.,  upon  the  resistance  and  ratio 
of  capacity  to  inductance.  The  higher  the  decrement  of  the 
primary  circuit  relative  to  the  decrement  of  the  secondary,  the 
more  strongly  does  the  current  in  the  secondary  depend  upon 
its  own  decrement.  This  is  evident  from  the  expression  for  the 
current  /  in  the  secondary  circuit 


d' 


where  o  is  the  decrement  of  the  primary,  o  that  of  the  secondary, 
R  the  resistance  of  the  secondary,  /  the  frequency.  Eg  the  maxi- 
mum value  of  the  emf.  impressed  on  the  secondary,  and  N  the 
wave  train  frequency. 

These  facts  suggest  a  method  of  determining  the  effective 
resistance,  inductance,  and  capacity  of  an  antenna  at  a  given 
frequency  in  which  all  of  the  measurements  are  made  at  one 
frequency,  and  which  does  not  require  any  alteration  of  the 
antenna  circuit  whatsoever.  The  experimental  circuits  are 
arranged  as  shown  in  Figure  8,  where  S  represents  a  coil  in  the 
primary  circuit  which  may  be  thrown  either  into  the  circuit  of 


i: 


Figure  8 — Circuits  for  Determining  the  Effective  Resistance, 
Inductance,  and  Capacity  of  an  Antenna 
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a  source  of  undamped  or  of  damped  oscillations.  The  coil  L 
is  the  loading  coil  of  the  antenna  which  may  be  thrown  over  to  the 
measuring  circuit  containing  a  variable  inductance  L' ,  a  variable 
condenser  C,  and  variable  resistance  R' .  The  condenser  C 
should  be  resistance-free  and  shielded,  the  shielded  terminal 
being  connected  to  the  ground  side.  First  the  undamped 
source  is  tuned  to  the  antenna,  and  then  the  L'C  circuit  tuned 
to  the  source.  The  resistance  R'  is  then  varied  until  the  current 
is  the  same  in  the  two  positions.  The  resistance  of  the  L'C 
circuit  is  then  equal  to  Rg,  the  effective  resistance  of  the  aerial- 
ground  portion  of  the  antenna  and  L'C  =  LJJe.  Next  the 
damped  source  is  tuned  to  the  antenna  and  the  change  in  current 
noted  when  the  connection  is  thrown  over  to  the  L'C  circuit. 
If  the  current  increases,  the  value  of  C  is  greater  than  Cg,  and 
vice  versa.  By  varying  both  L'  and  C ,  keeping  the  tuning  and 
R'  unchanged,  the  current  may  be  adjusted  to  the  same  value 

C     C 
in  both  positions.   Then  since  L'C  =  LeCe  and  y,  "^  y  '   the  value 

L  Le 

of  C  gives  Ce  and  that  of  L'  gives  Lg.  Large  changes  in  the 
variometer  setting  may  result  in  appreciable  changes  in  its 
resistance,  so  that  the  measurement  should  be  repeated  after 
the  approximate  values  have  been  found.  To  eliminate  the 
resistance  of  the  variometer  in  determining  R^,  the  variometer 
is  short-circuited  and,  using  undamped  oscillations,  the  reson- 
ance current  is  adjusted  to  equality  in  the  two  positions  by 
varying  i2'.  ThenR'  =  Rf,.  The  measurement  requires  steady 
sources  of  feebly  damped  and  strongly  damped  current.  The 
former  is  readily  obtained  by  using  a  vacuum  tube  generator. 
A  resonance  transformer  and  magnesium  spark  gap  operating 
at  a  low  spark  frequency  serves  very  satisfactorily  for  the  latter 
source  or  a  single  source  of  which  the  damping  can  be  varied 
will  suffice.  An  accuracy  of  one  per  cent,  is  not  difficult  to 
obtain. 

3.  The  Effect  of  Imperfect  Dielectrics  Upon  the  Re- 
sistance OF  AN  Antenna 
The  typical  curve  of  the  variation  of  the  resistance  of  an 
antenna  with  the  wave  length  of  the  oscillation  is  shown  in 
Figure  10  (b).  It  has  two  characteristic  features,  a  rapid  dv- 
crease  in  resistance  with  increasing  wave  length  in  the  regit)n 
of  the  shorter  waves  and  an  apparent  linear  increase  in  resistance 
with  increasing  wave  length  at  long  waves.  The  decrease  in  resist- 
ance at  short  waves  is  asciilxHl  mainly  to  the  decrease  in  the  power 
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radiated  in  the  form  of  electro-magnetic  waves.  This  so-called 
radiation  resistance  should  by  theory  decrease  in  inverse  ratio 
with  the  square  of  the  wave  length.  Skin  effect  and  the  change 
in  distribution  of  current  along  the  antenna  would  likewise  pro- 
duce resistance  variations  such  that  the  resistance  would  de- 
crease with  increasing  wave  length.  It  has  been  difficult, 
however,  to  account  for  the  observed  linear  increase  in  resistance 
at  the  longer  waves.  Austin^  pointed  out  the  similarity  in  the 
linear  increase  in  resistance  of  an  antenna  at  long  wave  lengths 
with  the  behavior  of  an  absorbing  condenser  and  concluded 
that  dielectric  absorption  was  a  probable  explanation  of  the 
phenomenon.^ 

The  fact  that  in  the  curves  which  he  had  obtained  for  ship 
stations,  the  rise  in  resistance  was  less  marked  than  for  land 
stations,  led  him  to  believe  that  the  absorption  was  probably 
caused  bj-  the  ground  acting  as  an  imperfect  dielectric.  Austin 
stated  that  if  we  consider  the  ground  as  a  dielectric  rather  than 
a  conductor  and  consider  it  as  a  portion  of  the  total  dielectric 
lying  between  the  antenna  regarded  as  the  upper  plate  of  a  con- 
denser, and  a  ground  water  regarded  as  a  lower  plate,  we  reach 
a  very  probable  explanation  of  many  antenna  resistance  curves. 
The  measurements  carried  out  by  the  author  verify  Austin's 
hypothesis  that  the  effect  is  caused  by  dielectric  absorption; 
but  do  not  confirm  the  supposition  that  the  absorbing  di- 
electric in  question  is  the  ground.  Figure  9  shows  the  values 
of  the  equivalent  resistance  obtained  at  telephone  frequencies 
for  a  small  flat-top  antenna  at  the  Bureau  of  Standards.  This 
antenna  runs  from  a  building  to  a  tree  and  has  a  capacity  of 
650  micro-microfarads  (0.00065  microfarad).  The  measurements 
were  made  at  wave  lengths  varying  from  100,000  to  750,000  me- 
ters, the  equivalent  resistance  increasing  linearly  from  1,000  to 
9,000  ohms.  This  is  the  order  of  magnitude  which  would  be  ex- 
pected from  Austin's  measurements  at  radio  frequencies  upon  an 
antenna  for  which  the  rise  in  resistance  was  particularly  marked. 


8L.  W.  Austin;  "Bulletin,  Bureau  of  Standards,"  12,  p.  465,  1915.  "Jahr- 
buch  d.  drahtl.  Tel.,"  9,  p.  498,  1915. 

"In  a  perfect  condenser,  or  one  which  shows  no  energy-  loss,  the  phase 
of  the  current  /  in  90°  in  advance  of  the  electromotive  forced".  In  an  im- 
perfect condenser,  the  power  loss,  however  caused,  is  given  by  IE  sin  d 
where  tj  is  the  phase  difference  or  the  angle  by  which  the  current  lags  from 
quadrature.  An  equivalent  power  loss  is  occasioned  by  a  resistance  (P)  in 
series  with  a  perfect  condenser  when  this  equivalent  resistance  satisfies  the 
relation  tan  H=C  pP  where  C  is  the  capacity  and  p  =  2"  times  the  frequency. 
It  is  characteristic  of  a  condenser  with  an  absorbing  dielectric  that  the  phase 
difference  (i  is,  roughh",  independent  of  the  frequency,  and  hence  the  equi- 
valent resistance  must  vary  inversely  as  the  frequency  or  directly  as  the  wave 
length. 
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It  seemed  impossible,  however,  to  ascribe  this  absorption 
to  the  ground  acting  as  an  imperfect  dielectric.  As  shown  by 
the  above  data,  the  effect  persists  at  telephone  frequencies  while 
the  calculations  of  True  ^^  and  Reich, ^^  based  upon  the  meas- 
urements of  conductivity  and  dielectric  constant  of  the  ground 
as  given  by  Zenneck,^'-  show  that  even  for  so  high  a  frequency 
as  would  correspond  to  a  wave  length  of  a  1,000  meters,  the 
magnitude  of  the  conduction  current  in  the  ground  exceeds  by  a 
hundred  times  that  of  the  displacement  current.     Further,  the 
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Figure  9 — Equivalent  Resistance  of  an  Antenna  at  Telephone  Frequencies 


absence  of  absorption  in  the  ground  was  also  shown  by  meas- 
urements at  telephone  frequencies  upon  a  guard  plate  condenser 
with  part  air  and  part  clay  between  the  plates.  This  condenser 
behaved  as  a  perfect  condenser  with  a  series  resistance  that  was 
independent  of  the  frequency.  Only  when  the  clay  was  ex- 
ceedingly dry  and  particularly  when  it  was  loosely  packed, 
was  there  any  indication  of  absorption. 

The  observed  large  effect  upon  the  absorption  of  variable 
air  condensers  brought  about  by  the  poor  dielectric  properties 

i»H.  True;  "Jahrb.  d.  drahtl.  Tel.,"  5,  p.  125;  1911-12. 
"M.  Reich;  "Jahrb.  d.  drahtl.  Tel.,"  5,  pp.  176,  2.5.3;  1911-12. 
12  J.  Zenneck:  "Ann.  d.  Phys.,"  2.3,  p.  8.59;  1907. 


of  small  amounts  of  insulators  in  the  electric  field  suggested  to 
the  author  that  the  absorption  in  antennas  is  likewise  caused 
b}^  the  presence  of  poor  dielectrics  in  the  field  of  the  antenna. 
Accordingl}^,  an  experimental  antenna  was  built  in  which  the  bad 
effects  of  poor  dielectrics  in  the  neighborhood  were  carefully 
avoided,  but  in  which  any  absorption  that  might  be  caused  by 
the  ground  would  be  considerably  magnified.  The  main  capacity 
of  the  antenna  consisted  of  six  parallel  wires  at  a  distance  of 
about  0.3  of  a  meter  (1  foot)  above  the  surface  of  the  ground  and 
located  at  a  considerable  distance  from  the  nearest  building  or 
tree.  The  antenna  was  supported  by  four  wooden  posts,  but 
was  insulated  from  them  by  doul^le  porcelain  insulators  spaced 
about  a  meter  (3  feet)  apart.  A  single  lead,  similarly  insulated, 
ran  to  the  building  in  which  the  measurements  were  made.  The 
earth  connection  was  made  to  the  water  pipes  of  the  building. 
The  proximity  of  the  antenna  wires  to  the  ground  should  reduce 
the  lateral  spread  of  the  electrostatic  field  and  hence  the  dis- 
placement thru  the  wooden  posts  or  other  poor  dielectrics,  while 
the  amount  of  ground  between  the  antenna  wires  and  ground 
water  should  be  proportionately  increased.  The  double-spaced 
insulators  also  served  to  reduce  the  capacity  thru  the  supports. 
The  capacity  of  the  antenna  was  850  micro-microfarads.  The 
resulting  resistance  curve,  for  measurements  made  just  within 
the  window  of  the  building,  is  shown  in  curve  A  of  Figure  10. 
The  rise  in  resistance  even  at  12,000  meters  is  very  small,  and 
probably  caused  by  the  lead  wire  to  the  building.  The  result 
was  also  verified  at  telephone  frequencies  where  the  absorption 
was  barely  detectable  (less  than  60  ohms  at  3,000  cycles). 

Curve  B  of  the  same  figure  shows  the  effect  produced  by 
adding  a  small  capacity  thru  the  wooden  supports.  Wires  were 
run  from  the  insulated  portion  of  the  antenna  to  porcelain 
insulators  on  three  of  the  stakes,  the  total  capacity  being  in- 
creased by  only  40  micro-microfarads  or  less  than  5  per  cent. 
The  effect  of  adding  this  small  imperfect  condenser  is  very 
marked.  The  linear  increase  in  resistance  becomes  pronounced, 
and  brings  with  it  an  increase  in  the  resistance  of  the  antenna  at 
all  wove  lengths. 

The  effect  of  running  the  lead  wires  to  an  antenna  inside  of 
a  building  was  also  investigated.  Curve  C  of  Figure  11  shows 
the  results  upon  the  above  described  antenna  under  the  same 
conditions  as  those  obtaining  for  curve  A  of  Figure  10  (repro- 
duced in  dash  lines  in  Figure  11),  excepting  that  the  measure- 
ments were  made  within  the  room  at  a  distance  of  about  5  meters 
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(16  feet)  from  the  window.  The  increase  in  capacity  in  this 
case  was  60  micro-microfarads.  Curves  D  and  E  of  Figure  12 
were  obtained  for  antennas  completely  within  the  building,  the 
former  having  a  capacity  of  290  micro-microfarads,  the  latter 
having  double  the  capacity.  In  this  figure,  the  scale  of  resis- 
tance has  been  doubled.     It  is  of  interest  to  note  that  the  equiva- 
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Figure  12 — Resistance  Curves  for  Antennas  Completely  Within  a  Build- 
ing.    The  Capacity  for  E  is  Twice  That  for  D 


lent  series  resistance  in  the  case  of  the  smaller  capacity  is  approxi- 
mately double  that  for  the  capacity  of  twice  the  size,  which  is 
the  requisite  condition  for  absorbing  condensers  with  the  same 
phase  difference.  Measurements,  at  telephone  frequencies,  were 
also  made  upon  an  antenna  consisting  of  three  wires  stretched 
vertically  along  the  outside  of  a  brick  building  at  a  distance  of 
0.4  of  a  meter  (1  foot)  from  the  wall.  The  phase  difference  of 
the  condenser  was  about  15  minutes,  corresponding  to  an  equiva- 
lent resistance  of  about  35  ohms  at  10,000  meters  for  the  capacity 
of  800  micro-microfarads.  The  phase  difference  is  about  the 
same  as  that  obtained  in  the  case  of  antennas  within  the  building. 
Finally  the  effect  of  a  tree  upon  the  absorption  of  an  antenna 
was  investigated.     An  antenna  consisting  of  two  parallel  wires 


was  strung  from  a  building  to  a  tree  20  meters  (66  feet)  distant  at 
an  average  height  of  about  5  meters  (16  feet)  from  the  ground. 
The  antenna  terminated  in  a  section  of  about  6  meters  (20  feet) 
of  wire  which  ran  from  Hmb  to  hmb  of  the  tree,  but  was  insulated 
from  it  by  porcelain  insulators.  At  a  distance  of  about  2  meters 
(6  feet)  from  the  tree  double  porcelain  insulators  were  inter- 
posed in  each  antenna  wire,  so  that  measurements  could  be 
made  with  the  section  in  the  tree  included  or  excluded.  Curve 
F  of  Figure  13  was  obtained  for  the  latter  case,  while  curve  G 
shows  the  enormous  absorption  produced  by  including  the  por- 
tion of  the  antenna  in  the  tree.     The  capacity  was  increased 


^ 

^' 

y 

^ 

5/ 

y 

^ 

/^ 

y 

y 

/ 

y 

y^ 

? "^ — 

F 

0  ZOOO  4000 

Wave  Leniitfi.  Meters. 
/3 


Figure  1.3— Curve  G  Shows  the  Eiiuniioii.s  Absorption  Caused  In- a  Tree. 
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from  390  to  540  micro-microfarads,  and  the  phase  diff(>r(Mi('(>  of 
the  condenser  with  the  jiortion  of  the  tree  included  was  roughly 
2  degrees.  The  measmements  were  mad<>  in  the  winter  when 
the  tree  was  free  from  foliage. 

From  the  above  it  is  evident  that  in  the  design  of  an  antenna 
it  is  a  matter  of  importance  to  keep  the  dielectric  absorption  of 
the  antenna,  regarded  as  a  condenser,  as  low  as  possible  in  order 
to  minimize  the  waste  of  energy  in  the  antenna  and  so  improve 
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its  efficiency  as  a  radiator.  There  is  a  possibility  of  greatl;> 
improving  upon  the  design  of  existing  antennas  in  this  respect. 
The  requirement  is  that  the  capacity  thru  wooden  masts,  trees, 
buildings,  insulators,  and  so  on,  must  be  extremelj^  small  in 
comparison  to  the  capacity  of  the  antenna  thru  unobstructed  air. 

SUMMARY:  After  considering  the  theory  of  circuits  having  uniformly 
distributed  constants,  the  author  shows  graphically  the  frequency-variation 
of  reactance  of  such  circuits  and,  after  further  analysis,  those  of  inductance- 
loaded  and  capacity-loaded  antennas  as  well. 

The  calculation  of  the  effective  constants  of  the  antenna  at  radio  fre- 
quencies in  terms  of  their  corresponding  values  at  audio  frequencies  follows. 
Very  simple  relations  are  found,  differing  from  those  frequently  given  in  the 
radio  literature.  The  equivalent  circuits  of  loaded  and  unloaded  antennas 
are  given,  together  with  practical  measuring  methods  for  determining  the 
effective  constants  at  radio  frequencies. 

The  frequency-variation  of  effective  resistance  of  an  antenna  is  then  con- 
sidered. Measurements  are  described  and  curves  given  which  indicate  that 
antenna  resistance  is  largely  due  to  imperfect  dielectrics  in  the  field  of  the 
antenna,  and  emphasis  is  placed  on  the  necessity  of  avoiding  such  dielectrics 
in  regions  of  strong  antenna  field. 
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FURTHER  DISCUSSION  ON 

"ON  THE  ELECTRICAL  OPERATION  AND 

MECHANICAL  DESIGN  OF  AN  IMPULSE  EXCITATION 

MULTI-SPARK    GROUP    RADIO    TRANSMITTER"    BY 

BOWDEN  WASHINGTON 

By 

Samuel  Cohen 

The  paper  by  Mr.  Bowden  Washington  in  the  December' 
1918,  Proceedings  of  The  Institute  of  Radio  Engineers 
contained  some  very  interesting  information  regarding  impact 
excitation  transmitter  and  especially  gaps  that  gave  most  suit- 
able results  for  this  kind  of  work. 

The  writer  has  conducted  a  number  of  experiments  on  impact 
excitation  transmitter,  and  the  data  obtained  verifies  to  a  great 
extent  the  results  of  Ensign  Washington.  In  reference  to  the 
tungsten  electrode  gap,  the  writer  found  that  altho  the  gap  func- 
tioned most  regularly  with  a  stiffer  circuit,  yet  the  tone  emitted 
by  the  same  was  very  poor.  The  tone  corresponded  very  much  to 
that  of  escaping  whistling  steam.  This  was  obtained  when 
operating  the  gap  in  open  air.  The  tone  effect  was  considerably 
improved  by  immersing  the  electrodes  in  alcohol  and  having  the 
discharge  take  place  therein.  This  improved  considerably  the 
general  operating  characteristics  of  the  gap  and  it  was  possible 
to  run  it  at  much  lower  potential.  Copper  and  tungsten  elec- 
trodes in  alcohol  showed  favorable  results. 

A  type  of  gap  which  gave  most  satisfactory  results  for  impact 
excitation  work  is  a  combination  of  copper  and  amalgamated 
copper.  The  results  obtained  were  far  better  than  the  ones  ob- 
tained with  the  use  of  the  tungsten-tungsten  and  tungsten- 
copper  electrodes.  The  type  of  gap  operating  in  alcohol  was 
compared  with  the  Chaffee  gap  of  copper  aluminum  electrodes 
under  identical  condition,  and  it  was  found  that  the  copper- 
amalgamated  copper  electrodes  proved  much  better  both  in 
efficiency  and  in  note  effect.  It  was  also  found  that  it  can  be 
used  with  a  nuich  stiffer  circuit  without  affecting  its  operating 
qualities.  The  potential  across  the  gap  was  somewhat  lower  than 
the  Chaffee  gap. 
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The  only  present  disadvantage  that  the  copper-amalgamated 
copper  gap  possesses  is  that  the  mercury  on  one  of  the  electrodes 
becomes  carbonized  from  the  alcohol  and  thereby  changing  the 
operating  characteristics.  It  takes  about  six  to  ten  hours  of 
continuous  use  before  a  sufficient  carbonization  takes  place  on 
the  electrode  to  change  the  operating  characteristics  of  the  gap. 
The  spacing  of  the  electrodes  was  in  the  order  of  0.013  inch 
(0.032  cm).  The  gap  discharging  surface  was  3  inches  (7.62  cm.) 
in  diameter. 

The  tungsten-tungsten  electrode  gap  immersed  in  alcohol 
seems  to  give  excellent  results  for  radio  telephony.  Some  of 
the  results  thus  far  obtained  were  very  satisfactory,  and  further 
experiments  are  to  be  conducted  in  this  direction.  The  gap  is 
very  constant  and  regular  in  its  operation  and  it  works  very 
satisfactorily  on  potentials  of  100  volts  direct  current.  The  use 
of  alcohol  as  the  discharge  medium  is  important,  as  the  gap 
functions  very  poorh'  without  it  and  requires  a  much  higher 
operating  potential. 
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The  Institute  of  Radio  Engineers 
announces  with  regret  the  death  of 

Mr.  Schreiner  was  born  February  9,  1895,  in  Chicago, 
IlHnois.  In  June,  1917,  he  left  the  college  which  he  was 
then  attending  in  order  to  join  the  Signal  Corps.  At  that 
time,  he  had  completed  three  years'  work  of  the  course  in 
electrical  engineering.  He  had  previously  enlisted  in  the 
Signal  Corps  three  days  before  the  declaration  of  war  by  the 
United   States. 

In  October,  1917,  he  was  sent  to  Camp  Custer,  Battle 
Creek,  Michigan.  A  month  later,  he  was  transferred  to 
the  Radio  School  at  College  Park,  Maryland.  His  high 
grade  in  his  work  there  led  to  his  being  commissioned  as 
an  officer.  He  was  assigned  to  the  8th  Signal  Battalion, 
4th  Division,  which  was  then  stationed  at  Camp  Green, 
Charlotte,  North  Carolina. 

The  battalion  to  which  he  was  attached  was  ordered  to 
France  in  May,  1918.  He  fought  at  Chateau  Thierry,  and 
later  in  the  Argonne  Sector.  On  September  26th,  Lieu- 
tenant Schreiner  was  wounded.  Within  three  weeks  of 
this  time,  he  succumbed  to  the  effects  of  this  injury.  He 
was  known  among  his  associates  and  men  as  an  officer  of 
efficient  and  manly  character. 
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MtUl  0f  Unnnr 

OF  THE  BOARD  OF  DIRECTION 

Attention  is  called  to  an  alteration  in  the  terms  of  award  of 
the  ]\Iedal  of  Honor  of  the  Board  of  Direction  of  The  Institute 
of  Radio  Engineers. 

At  its  meeting  on  May  16,  1919,  the  Board  of  Direction 
decided  that,  in  order  to  broaden  the  scope  of  this  award  and  to 
enable  suitable  recognition  of  eminent  service  in  the  radio  arti 
regardless  of  the  time  of  performance  of  such  service: 

The  award  in  question  may  be  made  regardless  of  the  time 
of  performance  or  publication  of  the  work  on  which  the  award  is 
based. 

The  other  conditions  of  the  award,  as  set  forth  in  the  April, 
1919,  issue  of  the  Proceedings  of  The  Institute  of  Radio 
Engineers,  on  pages  95  and  96,  will  remain  unchanged. 
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SHORT  WAVE  RECEPTION  AND    TRANSIMISSION   ON 

GROUND   WIRES   (SUBTERRANEAN  AND 

SUBMARINE)  * 

By 
Lieutenant-Commander  A.  Hoyt  Taylor 

(United  States  Naval  Reserve  Force) 

The  purpose  of  this  article  is  to  report  briefly  some  of  the 
work  done  by  the  writer  for  the  Navy  Department  along  the 
lines  indicated  by  the  above  title.  No  attempt  will  Ije  made  to 
give  a  complete  history  of  all  work  which  has  been  done  on 
ground  wire  systems,  as  this  would  exceed  the  scope  of  this  re- 
port. This  paper  will  deal  mainly  with  the  behavior  of  short 
waves  on  underground  and  underwater  systems,  but  in  order 
to  get  a  logical  story  of  this  work,  it  will  be  necessary  to  in- 
clude frequent  references  to  long  wave  work. 

1.    Clark's  Experiments 

During  the  month  of  April,  1909,  Mr.  George  H.  Clark,  then 
Radio  Sub-Inspector,  United  States  Navy,  conducted  under- 
water experiments  at  the  Navy  Yard,  Washington  and  at  the 
Navy  Yard,  Norfolk,  Virginia,  using  two  30-foot  (9.2  m.)  launches 
equipped  with  two  insulated  wires  17  feet  (5.2  m. )  long,  submerged 
4  feet  (1.2  m.)  below  the  surface,  being  connected  to  the  trans- 
mitting and  receiving  apparatus  thru  a  fixed  condenser  of  ca- 
pacity 0.003  microfarad.  These  wires  were  placed  at  an  angle 
of  180°  from  each  other  below  the  surface,  and  extended  out 
from  the  center  of  the  launch.  It  was  possible  to  receive  signals 
from  the  Navy  Yard  Station,  Washington,  at  12  miles  ( 19  km.) 
distance.  Working  with  one-eighth  kilowatt  at  425  meters, 
between  the  launches,  it  was  possible  to  communicate  a  distance 
of  75  yards  (69  m.).  Further  experiments  were  conducted  on 
board  a  tug  boat  off  Norfolk.  Copper  plates  were  attached  to 
insulated  wires  and  one  plate  suspended  over  the  i>ow  into  the 
water  and  the  other  plate  suspended  over  the  stern  into  the  water. 
The  wires  leading  up  from  the  water  to  the  receiving  apjiaratus 

*  Received  by  the  Editor,  January  20,  1919. 
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were  screened  by  the  use  of  brass  pipe  and  copper  mesh.  A 
fixed  condenser  of  the  same  capacity  as  the  one  used  at  Wash- 
ington was  used  in  these  experiments.  Signals  from  the  Navy 
Yard,  Norfolk,  were  received  at  a  distance  of  15  miles  (24  km.). 
All  experiments  showed  a  marked  directive  effect,  received  signals 
showing  a  great  decrease  in  strength  when  tug  boat  and  launches 
were  lined  up  within  60°  to  90°  of  the  direction  of  the  sending 
station.  It  is  apparent  that  these  early  tests  by  Mr.  Clark,  done 
with  crystal  detectors,  had  to  be  carried  out  in  such  close  prox- 
imity of  the  sender,  that  the  results  were  partly  due  to  real  wave 
action  and  partly  due  to  conduction  currents  from  the  sender. 
Owing  'to  phase  differences,  these  effects  conspire  in  some  di- 
rections and  not  in  others,  thus  giving  peculiar  and  abnormal 
directive  effects.  Mr.  Clark  evidently  did  not  use  long  enough 
receiving  wires  for  the  best  results.  As  the  result  of  his  ex- 
periments, the  Bureau  of  Steam  Engineering  concluded  that 
altho  underwater  work  was  possible  for  short  distances,  it  was 
not  promising  for  long  distance  work.  It  was  also  believed  at 
that  time  that  underwater  communication  would  only  be  pos- 
sible in  fresh  water.  The  experiments  were,  therefore,  aban- 
doned. The  use  of  submarine  sending  and  receiving  wires 
in  the  form  of  a  loop  will  not  be  discussed  in  this  report, 
as  that  should  properly  be  made  the  subject  of  a  separate 
report. 

2.    New^  Orleans  Experiments 

On  December  1,  1916,  Admiral  W.  S.  Smith  and  Com- 
mander S.  C.  Hooper  inspected  the  system  of  underground 
radio  reception  which  had  been  brought  to  the  attention  of 
the  Navy  Department  by  Mr.  J.  H.  Rogers  at  Hyattsville, 
Maryland.  Mr.  Rogers  demonstrated  that  trans-oceanic  sig- 
nals were  easily  readable  on  underground  wires.  At  the  same 
time  he  went  out  in  a  small  boat  on  a  lake  near  Hyattsville 
and  transmitted  from  the  boat  with  underwater  wires  to  a 
station  at  his  home  about  two  miles  (3.2  km.)  away.  On 
March  6th,  1917,  the  Bureau  arranged  to  have  Mr.  H.  H. 
Lyon,  who  had  been  associated  with  Mr.  Rogers,  proceed  to 
New  Orleans,  Louisiana,  with  the  idea  of  developing  this  sys- 
tem for  Naval  use,  bearing  especially  in  mind  its  possible  value 
at  distant  control  stations  and  for  use  between  submerged  sub- 
marines and  other  ships.  Mr.  Lyon  reported  to  the  Com- 
mandant of  the  Naval  Station,  New  Orleans,  and  started  work 
under    Lieutenant-Commander    E.    H.    Loftin,    who    was   then 
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District  Communication  Superintendent  for  the  8th  Naval 
District.  The  following  is  a  copy  of  a  report  made  by  Lieu- 
tenant-Commander Loftin  under  date  of  April  14,  1917,  to  the 
Bureau  of  Steam  Engineering,  on  underground  radio  experi- 
ments. 

''Experiments  have  been  in  progress  during  the  past  three 
or  four  weeks  at  this  Station  to  ascertain  the  adaptability  of 
underground  wires  for  receiving  radio  signals.  These  experi- 
ments have  been  conducted  by  Mr.  H.  H.  Lyon,  Radio  Expert, 
assigned  to  this  dut}^  by  the  Bureau  of  Steam  Engineering, 
and  Chief  Electrician  C.  W.  Jordan,  United  States  Navy, 
under  the  supervision  of  the  District  Communication  Superin- 
tendent. 

"A  standard  copper  conductor  of  23,000  circular  mils  (11.6 
sq.  mm.)  (7  twisted  strands)  having  rubber  insulation  of  about 
0.15  inches  (0.38  cm.)  thickness,  has  been  used  thruout.  All 
wires  are  buried  to  a  depth  of  about  one  foot  (0.3  m.),  the 
earth  surrounding  being  practically  saturated  with  water  at  all 
times. 

"One  conductor  was  laid  in  an  approximate  northeast  and 
southwest  direction,  1,400  feet  (427  m.)  extreme  length,  or  700 
feet  (213  m.)  on  each  side  of  the  receiver.  This  wire  was  cut 
into  sections  so  that  the  total  length,  or  several  fractions  of  the 
total  length,  could  be  cut  in.  In  addition  to  this  long  wire,  two 
short  ones,  300  feet  (92  m.)  over  all,  or  150  feet  (46  m.)  each 
side  of  the  receiver,  were  laid  parallel  to  and  10  feet  (3.1  m.) 
from  it,  one  on  each  side.  A  switch  was  arranged  to  connect 
either  one  or  both  of  these  wires  to  the  receiver. 

."For  arc  reception  a  'BA'  type  receiver  and  an  ultra-audion 
oscillating  detector  were  used.  Two  pairs  of  telephones  were 
connected  in  series,  one  pair  being  bridged  with  a  type  *A' 
audibility  meter.  This  was  found  advisable  on  account  of 
distur])ance  of  wing  potential  by  the  meter. 

"The  following  results  were  obtained  with  arc  signals: — 

"(a)  1,400-foot  (427  m.)  antenna,  grounded  at  the  extreme 
ends  to  large  plates  buried  in  moist  earth,  0.0025  microfai-ad 
variable  condenser  in  series  for  tuning. 
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Static 

Date 

Station 

Wave 
Length 

Signal 
Audibil- 

Static* 
Audibil- 

Audibil- 
ity, Main 

ity 

ity 

Antenna 

Mar.  30 

Arlington 

7,500 

1,000 

20 

Mar.  30 

Tuckerton 

1,000 

20 

Mar.  30 

Darien 

7,000 

250 

20 

Mar.  30 

Pt.  Loma 

7,000 

200 

20 

Mar.  31 

Arlington 

7,500 

1,000 

50 

10,000 

:\Iar.  31 

Tuckerton 

1,000 

50 

10,000 

Mar.  31 

Darien 

7,000 

1,000 

50 

10,000 

Mar.  31 

Pt.  Loma 

7.000 

400 

50 

10.000 

"(b)  1,400-foot  (427  m.)  antenna,  ends  not  grounded  by 
plates,  0.0025  microfarad  variable  condenser  in  series  for 
tuning: 


Date 

Station           -r        ^, 
Length 

Signal 
Audibility 

Static 
Audibility 

April  2 
April  2 
April  2 
April  2 

Arlington 
Tuckerton 
Darien 
Pt.  Loma 

7,500 

7,000 

9,800 

1,500 

1,500 

500 

500 

0 
0 
0 

0 

"Note — These  arc  stations  could  be  read  without  interference 
from  the  Station  5  kw.  spark  set  300  feet  (92  m.)  away.  Liter- 
ference  began  when  down  to  about  5,000  meters. 

"(c)  300-foot  (92  m.)  antenna,  ends  not  grounded,  0.0025 
microfarad  variable  condenser  in  series  for  tuning: 


Date 

Station 

Wave 
Length 

Signal 
Audil^ility 

Static 

Audibilitv 

- 

April  2 
April  2 
April  2 
April  2 

Arlington 
Tuckerton 
Darien 
Pt.  Loma 

7,500 

7,000 
9,800 

300 
300 
100 
1(50 

0 
0 
0 
0 

*  Static  disturbances  here  referred  to  are  identical  with  what  are  also 
termed  "strays,"  that  is,  the  sum  total  of  all  irregular  disturbances  of  recep- 
tion irrespective  of  their  (natural)  origin. — Editor. 
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"Up  to  1,400  feet  (427  m.)  of  wire,  tlie  strength  of  the  signal 
seems  to  be  about  in  direct  proportion  to  the  length  of  the  wire. 
The  directional  effect  appears  to  be  pronounced.  Darien,  which 
is  about  80°  off  the  line  of  antenna,  is  weaker  than  Arlington. 
On  the  main  antenna,  Darien  is  received  about  30  per  cent, 
stronger  than  Arlington. 

"The  'B  A'  receiver,  with  its  static  (capacitive)  coupler, 
is  not  very  satisfactory  for  this  form  of  reception  on  account  of 
its  lack  of  selectivity  and  smooth  variation  of  primary-  inductance. 

"At  9:00  P.  M.,  April  7th,  it  was  possible  to  copy  signals  from 
Tuckerton  with  ease,  while  static  on  the  main  antenna  made 
it  impossible  to  read  any  arc  signals. 

"The  following  results  were  obtained  with  spark  signals: 

"(a)  300-foot  (92  m.)  wires  in  parallel,  ten  feet  (3.1  m.)  apart, 
a  0.002  microfarad  condenser  in  series  with  the  primar}'  coil  of  a 
Telefunken  receiver  to  obtain  600  meters. 


Signal 

Static 

Wave 
Length 

Signal 

Static 

Audi- 

Audi- 

Date 

Station 

Audi- 

Audi- 

bility, 

bility, 

bility 

bility 

Main 

]\Iain 

Antenna 

Antenna 

April  2 

Point  Isabel 

600 

15 

April  2 

Tampa 

600 

200 

0 

3,000 

April  2 

Port  Arthur 

600 

150 

0 

3,000 

April  2 

Pensacola 

1,200 

20 

0 

100 

150 

April  2 

Ft.  Sam 

Houston 

150 

"It  was  planned  to  take  comparative  signal  strengths  on  main 
antenna  and  underground  antenna  during  the  weekly  tests,  but 
discontinuance  of  these  tests  prevented  this. 


"Conclusions.  The  tests  have  shown  that  practically  all 
arc  stations  in  the  country'-  can  be  received  with  ease  tho  signals 
are  much  weaker  than  on  main  antenna,  but  of  particular  in- 
terest is  the  fact  that  when  static  prevents  reception  on  the 
main  antenna,  reception  can  be  continued  on  the  underground 
antenna.  This  has  even  been  done  during  a  severe  lightning 
storm,  when  the  main  antenna  would  have  been  dangerous  without 
grounding.  Reception  is  also  directional  and  permits  of  avoid- 
in  i 


ing  interference  to  some  extent  b\'  using  a  wire  off-direction  of 
an  interfering  station.  Construction  is  under  way  for  putting 
a  conductor  in  terra  cotta  piping  for  comparing  results  already' 
obtained  with  a  plain  buried  wire.  Plans  are  also  being  made 
for  trying  out  the  buried  wires  for  locating  a  distant  control 
station  within  the  limits  of  the  Naval  Reservation.  A  point 
can  be  obtained  in  the  southeastern  corner  of  the  Naval  Reserva- 
tion, which  is  2,600  feet  (793  m.)  from  the  radio  power  house, 
and  it  is  now  thought  possible  that  at  this  distance,  reception 
can  be  carried  on  while  the  arc  is  in  operation  for  stations  which 
are  on  a  line  at  right  angles  to  the  line  of  bearing  of  the  power 
house.  The  long  wires  are  being  extended  to  a  total  length  of 
2,200  feet  (671  m.).  Further  report  will  be  made  if  any  decided 
advantage  from  the  additional  length  is  observed. 

"Recommendations.  It  is  recommended  that  all  stations 
in  regions  where  static  interference  is  encountered  be  equipped 
with  underground  reception  wires;  long  wires,  about  1,500  feet 
(458  m.)  for  arc  reception,  and  short  wires,  about  300  feet  (92  m.) 
for  spark  reception.  There  should  be  at  least  two  directions 
covered  in  order  to  be  able  to  receive  best  from  different  direc- 
tions. It  is  recommended  that  these  underground  systems  be 
used  in  conjunction  with  elevated  antennas.  With  an  elevated 
antenna,  when  atmospherics  are  favorable,  greater  distances 
can  be  obtained,  but  at  the  same  time,  when  the  elevated  antenna 
cannot  get  business  thru,  due  to  static,  such  stations  within  the 
range  of  the  underground  antenna  can  continue  their  work." 

These  remarkabl}'  high  ratios  of  signals  to  strays  have  not 
been  confirmed  by  observations  by  other  observers  at  other 
places.  Concerning  Lieutenant-Commander  Loftin's  conclusions, 
it  may  be  stated  that  subsequent  experiments  at  Great  Lakes,  Bel- 
mar,  New  Jersey,  and  Tuckerton,  New  Jersey,  showed  that  the 
extent  to  which  the  ratio  of  signals  to  straj's  is  improved  by  the 
use  of  the  ground  wires,  depends  upon  the  conductivity  of  the 
ground  and  that  the  character  of  the  soil  at  New  Orleans  is  par- 
ticularly favorable.  Such  is  also  the  case  at  Tuckerton,  where 
the  wires  were  buried  in  a  salt  marsh.  At  Belmar,  on  the  other 
hand,  the  land  wires,  buried  as  deep  even  as  seven  feet  (2.14  m.), 
showed  very  poor  ratios  of  signals  to  straj^s  on  long  waves,  altho 
considerable  improvement  was  noted  on  short  waves.  At  Great 
Lakes  two  installations  were  made,  with  two  different  types  of 
soil,  one  dr,y  and  one  wet.  Observations  were  in  fair  agreement 
with  those  obtained  at  other  stations.     Concerning  Lieutenant- 
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Commander  Loftin's  recommendations,  it  may  be  stated  that  the 
recommendation  of  300  feet  (92  m.)  length  of  wire  for  spark 
reception  would  be  correct  only  for  a  certain  kind  of  wire  with 
a  certain  kind  of  insulation  and  at  a  certain  fixed  wave  length. 
Later  experiments  at  New  Orleans  and  Great  Lakes  will  make 
this  point  clear.  The  fact  that  the  signals  on  underground  wires 
are  weak  can,  of  course,  be  compensated  for  by  the  use  of  a 
regenerative  receiver  and  amplification.  Lieutenant-Command- 
er Loftin  points  out,  in  another  report  dated  June  21,  1917,  that 
there  is  an  optimum  length  for  underground  wires  for  each  wave 
length  and  estimates  it  to  be  one-fifth  of  the  wave  length  of  the 
incoming  signal.  This  is,  in  a  wa}^,  incorrect,  as  later  experi- 
ments showed  that  the  ratio  of  optimum  wire  length  to  wave 
length  depends  upon  the  size  of  the  wire  and  the  nature  of  the 
insulation  surrounding  it.  Under  date  of  June  13,  1917,  Lieuten- 
ant-Commander Loftin  recommended  that  the  underground 
sj'stem  be  used  in  the  new  distant  control  installation  at  New 
Orleans.  Under  date  of  August  14,  1917,  the  Bureau  informed 
the  Commandant  that  preliminary  experiments  bj^  the  Naval 
Radio  Laboratory  at  the  Bureau  of  Standards  seemed  to  indicate 
that  straj's  were  largeh'  eliminated  by  the  use  of  heavily  insulated 
wires,  rather  than  by  the  use  of  bare  wires.  Lowering  of  the 
insulating  resistance  seemed  to  bring  in  static  to  a  marked  degree. 

3.    Rogers'   Experiments 

During  the  latter  part  of  ]May,  1917,  when  the  writer  was 
District  Conmiunication  Superintendent  for  the  9th,  10th,  and 
11th  Naval  Districts,  he  received  orders  to  report  for  temporary 
dutj'  at  the  Bureau  of  Steam  Engineering,  Washington,  for  a 
conference  with  Commander  S.  C.  Hooper,  in  charge  of  the 
Radio  Division  of  the  Bureau,  on  the  possibilities  of  subterranean 
reception  of  the  type  which  had  already  been  demonstrated  to 
representatives  of  the  Bureau  by  ]\Ir.  J.  H.  Rogers  at  Hyatts- 
ville,  Maryland.  Full  credit  is  due  Mr.  Rogers  for  having  first 
demonstrated  to  the  Navj-  Department  that  effective  reception 
was  possible  with  subterranean  wires,  both  on  long  and  short 
waves.  The  failure  of  Mr.  Clark  to  obtain  more  satisfactory 
results  in  1909  is  unquestionably  due  to  the  inferior  detecting 
systems  available  at  that  time.  ]\L".  Rogers'  work  had  been 
done  with  audion  detectors,  and  he  succeeded  in  interest- 
ing the  Bureau  of  Steam  Engineering  in  the  practical  possi- 
bilities of  subterranean  reception  on  the  theory  that  the  ratio 
of  signals  to  strays  was  superior  to  what  would  l)e  obtained  with 
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ordinaiy  aerial  reception.  The  extent  to  wh'eh  this  theory- 
was  justified  will  appear  in  the  progress  of  this  report  and  sub- 
sequent reports  in  the  same  series.  On  the  morning  of  June 
1,  1917,  the  writer  proceeded,  in  company  with  Mr.  Rogers,  to 
his  laboratory  which  was  located  on  a  high  hill  in  a  large  isolated 
tract  belonging  to  the  Rogers'  estate.  The  land  is  a  rocky 
formation  covered  with  several  feet  (about  a  meter)  of  reddish, 
sandy  soil,  which  at  the  time  the  tests  were  made,  was  fairly  dry. 
The  surrounding  country  is  heavily  timbered.  Mr.  Rogers  had 
an  underground  room  into  which  leads  were  run  from  various 
wares  which  were  buried  underground  at  approximately  a  depth 
of  one  foot  (0.305  m.)  below  the  surface,  and  ran  out  to  the  North, 
Northeast,  East,  Southeast,  South,  Southwest,  West,  and  North- 
west. These  wires  varied  in  length  from  300  to  1,000  feet 
(92  to  305  m.).  Some  were  bare  wires,  some  insulated  and 
some  were  laid  in  tile  for  part  of  the  distance.  The  receiving 
instruments  used  in  the  tests  consisted  of  a  loose  coupler  for 
long  waves,  a  loose  coupler  for  short  waves,  suitable  loading 
coils  and  tickler  coils,  and  variable  condensers.  The  receiving 
bulb  was  a  tubular  audion  going  by  the  trade  name  of  ''audio- 
tron,"  and  seemed  to  be  fairly  sensitive.  The  apparatus  was 
by  no  means  ideal  for  the  purpose,  as  certain  variations  in  in- 
ductance, which  should  have  been  possible,  could  not  be  obtained. 
Tests  on  short  waves  in  the  neighborhood  of  600  meters  were 
made  to  determine  whether  the  apparatus  was  directive  and 
whether  the  wires  laid  in  tile,  or  insulated  wires  or  bare  wires 
were  best.  Directivity  was  very  evident,  the  bare  wires  giving 
greatest  strength  of  signal.  ]\Ir.  Rogers  had  been  unable  to 
get  any  tuning  in  his  primary  circuit,  but  the  writer  found,  that 
wdth  proper  adjustments  of  series  inductance  and  capacity, 
sharp  tuning  could  be  obtained  in  the  primary,  provided  that  the 
secondary  was  looseh'  coupled.  The  proper  length  of  the  bare 
wires  for  short  waves  w^as  not  exactly  determined,  but  indica- 
tions were  that  it  lay  between  300  and  500  feet  (92  and  153  m.) 
for  a  600-meter  wave.  Similar  observations  were  made  on  long 
waves,  signals  from  New  Brunswick  being  received  with  very 
satisfactory  audibility,  the  wires  showing  a  marked  directivity, 
altho  not  so  much  as  in  the  case  of  short  waves.  New  Bruns- 
wick's wave  at  that  time  was  8,600  meters.  It  was  evident 
that  a  wire  1,000  feet  (153  m.)  long  was  not  long  enough  to  get 
the  best  possible  signal  on  New  Brunswick.  It  was  not  possible 
to  make  accurate  observations  on  the  ratio  of  signals  to  strays, 
but  it  appeared  that  the  strays  were  eliminated  more  completely 
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on  short  waves  than  on  long  waves.  It  was  not  possible  to  copy 
trans-Atlantic  signals  on  account  of  the  straj^s  being  too  violent 
on  long  waves.  The  wires  were  usually  used  in  pairs  in  a  straight 
line,  one  wire  being  connected  to  the  antenna  post  of  the  receiver, 
and  the  other  to  the  ground  connection  of  the  receiver.  Further 
tests  were  made  using  a  ground  connection  against  various  wires. 
The  ground  connection  consisted  of  a  pipe  driven  deep  into  the 
ground.  Results  were  not  very  satisfactory,  the  directivity 
being  less  marked  and  the  signals  much  weaker.  In  view  of 
subsequent  experiments  it  is  evident  that  the  ground  connection 
was  not  a  good  one.  Mr.  Rogers  stated  that  he  had  transmitted 
on  short  wave  lengths  with  0.5  kilowatt  power  input  from  a  small 
station  at  his  house,  but  had,  so  far,  been  unable  to  receive  the 
signal  more  than  a  few  miles  away. 

4.    Great   Lakes   Experiments 

As  the  result  of  this  test  with  Mr.  Rogers'  apparatus,  the 
writer  recommended  to  the  Bureau  of  Steam  Engineering  that 
the  subterranean  method  of  reception  be  given  a  thoro  scien- 
tific investigation  and  that  the  Bureau  equip  a  small  portable 
laboratory  at  the  Great  Lakes  Station  for  this  purpose.  This 
was  agreed  to  by  the  Bureau,  and  work  was  immediately  started 
upon  the  writer's  return  to  Great  Lakes.  Considerable  delay 
was  experienced  at  Great  Lakes  in  getting  a  portable  steel  build- 
ing for  use  as  a  laboratory,  therefore,  on  July  10,  1917,  work 
was  begun  on  two  sets  of  buried  wires,  one  running  in  an  east- 
and-west  direction  and  the  other  in  a  north-and-south  direction, 
and  which  were  installed  directlj'  under  the  towers  for  the  main 
antenna  at  the  Great  Lakes  Station.  It  seemed  worth  while 
to  discover  whether  underground  reception  was  possible  in  the 
immediate  vicinity  of  the  antenna  and  in  proximity  of  a  buried 
counterpoise.  One  set  of  east-and-west  wires  installed  directly 
underneath  the  towers  consisted  of  600  feet  (183  m.)  of  number 
12  wire,*  with  the  receiving  set  in  the  middle.  150  feet  (45.8  m.) 
of  both  ends  of  the  wire  was  left  bare.  The  wires  were  buried 
three  inches  (7.6  cm.)  deep  in  dry  soil.  Another  pair  of  wires, 
consisting  of  bare  stranded  aerial  wire,  v/ere  similarly  laid  a  few 
feet  distant.  A  single  stranded  aerial  wire,  bare,  was  run  in  a 
southerly  direction,  down  a  hill  into  a  ravine.  The  following 
results  were  obtained.  Position  reports  were  received  from  ves- 
sels east  and  southeast  from  Great  Lakes,  using  the  east-and- 
west    receiving    combination.     On    several    occasions    this    was 

*  Diameter  of  number  12  wire  =  0.0808  inch  =  0.21  cm 


possible  when  strays  were  so  heavy  that  it  was  not  possible  to 
use  the  main  antenna.  The  signals  were,  however,  very  weak, 
much  weaker  than  the  corresponding  signals  received  at  Hyatts- 
ville.  Signals  from  the  Naval  Station  at  Ludington,  Michigan, 
130  miles  (209  km.)  northeast  of  Great  Lakes,  could  not  be  re- 
ceived on  any  combination  of  wires.  Signals  from  the  Naval 
Station  at  Milwaukee,  50  miles  (81  km.)  to  the  north,  were  re- 
ceived distinctly  on  the  east-and-west  wires,  but  were  manj'  times 
weaker  than  on  the  regular  antenna.  ^Milwaukee's  signals  were, 
however,  very  satisfactory  on  the  south  wires  used  against  either 
the  east  or  west  wire.  These  experiments  were  all  on  600 
meters.  Arlington's  2,500  meter  spark  was  copied  without 
difficulty  on  east-and-west  wires.  Two  additional  wires,  500 
feet  (153  m.)  long,  were  laid  in  an  east-and-west  direction,  and 
various  long  wave  signals  were  copied.  It  was  possible  to  leave 
these  wires  connected  and  the  receiving  set  in  operation  while 
sending  was  going  on  overhead  on  the  aerial  at  600  meters  spark. 
It  was  not  possible  to  continue  reception  on  account  of  the  loud 
inter^^ence,  but  the  reaction  between  sender  and  receiver  was 
not  SfilScient  to  cause  any  damage.  Great  Lakes  had  two 
antennas,  one  under  the  other,  one  with  a  free  wave  length  of 
500  meters  and  the  other  with  a  free  wave  length  of  1,200  meters. 
It  has  never  been  possible  to  maintain  the  arc  watch  on  the  larger 
antenna  while  sending  was  going  on  at  600  meters  on  the  smaller 
one.  This  indicated  possibilities  for  distant  control  purposes. 
It  was  evident,  however,  that  serious  reactions  were  being  expe- 
rienced fron  the  overhead  antennas  and  the  buried  counterpoise. 
On  the  whole,  better  results,  were  obtained  on  long  waves,  using 
the  500-foot  (153  m.)  wires.  Work  was,  therefore,  started  at  an  ex- 
temporized laboi'atory  on  the  sand  beach  at  the  foot  of  the  90-foot 
(27.5  m.)  bluff  at  Great  Lakes.  A  tent  was  erected  on  the  beach 
and  long  and  short  w^ave  receivers  with  amplifiers  were  installed; 
and  work  at  the  radio  station  proper  was  abandoned,  except 
on  the  500-foot  (153  m.)  east-and-west  wires  which  were  used 
for  the  reception  of  long  weaves  as  soon  as  it  was  found  that  both 
Arlington  and  San  Diego  could  be  copied  on  the  ground  wires 
with  greater  accuracy  than  on  the  main  antenna.  Under  date 
of  August  14th,  it  was  reported  to  the  Bureau  that  several  re- 
ceiving sets  could  be  connected  simultaneously  to  the  same  pair 
of  ground  wires,  without  interference,  and  without  the  tuning  of 
the  primaries  being  in  any  way  interfered  with.  In  continuous 
wave  reception,  beat  tones,  of  course,  result,  but  unless  the 
waves  are  too  close  together  this  can  readily  be  avoided.     It 
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must  be  noted  at  this  point  that  the  writer's  experiments  at 
Hyattsville  showed  that  it  was  only  possible  to  tune  the  primary 
when  a  series  condenser  was  used.  Wave  meter  tests  made  at 
Great  Lakes  showed  that  as  far  as  the  primary  tuning  was  con- 
cerned, it  was  determined  wholly  by  the  primary  inductance 
and  the  series  condenser  and  that  with  wires  over  100  feet 
(30.5  m.)  in  length,  the  length  of  the  buried  wires  had  practically 
no  influence  on  the  tuning  of  the  primary.  In  other  words,  any 
ground  systems  beyond  100  feet  (30.5  m.)  in  length  would  tune 
for  a  given  wave  at  the  same  primary  setting.  This  would  seem 
to  indicate  that  the  ground  wires  themselves  formed  an  aperiodic 
system.  This  is  also  checked  ])y  the  fact  that  multiple  reception 
is  possible  on  long  waves. 

5.    Experiments  on  the  Beach  at  Great  Lakes 

The  wires  on  the  beach  were  90  feet  (27.5  m.)  below  the  base 
of  the  radio  towers  and  900  feet  (275  m.)  distant  from  the  near- 
est tower.  The  receiving  set  in  the  tent  was  20  feet  (6.1  m.) 
from  the  water's  edge.  The  wires  laid  out  first  were  all  300  feet 
(93  m.)  long  each  way  and  ran  approximately  north-and-south. 
The  following  results  were  obtained.  Very  weak  signals  on 
short  waves  were  received  on  bare  wires  laid  in  wet  sand,  while 
somewhat  stronger  signals  were  received  with  bare  wires  laid  in 
dry  sand.  Better  signals  were  received  with  wires  which  were 
either  insulated  or  in  dry  sand  for  200  feet  (61  m.)  and  then  laid 
in  wet  sand  the  remaining  100  feet  (30.5  m.)  each  way.  The  best 
signals  were  obtained  on  well  insulated  wires  laid  in  wet  sand. 
A  regular  watch  was  established  from  6:00  P.  M.  until  12:00 
P.  M.  on  August  11th,  on  600  meters,  using  a  tu])ular  audion 
and  a  regenerative  receiving  set  without  amplification.  The 
operator  was  able  to  copy  every  ship  worked  from  Great  Lakes, 
altho  one  of  them  was  110  miles  (177  km.)  to  the  northeast  and 
several  others  were  approximately  50  miles  (81  km.)  to  the 
southeast.  A  large  number  of  ship  calls  were  logged,  but  as 
the  log  covers  three  pages,  it  is  not  reproduced.  In  two  instances 
the  operator  received  messages  correctly  ui)on  which  a  rei)eat 
was  asked  by  Great  Lakes  and  by  Milwaukee.  The  arc  signals 
received  from  New  Orleans  were  very  strong  but  those  frcnn 
Darien  were  weak.  This  was  due  to  the  short  IcMigth  of  wire 
used.  It  was  possible  to  copy  Arlington's  2,500  nutter  spark 
on  north-and-south  wires,  altho  Arlington's  direction  from  Great 
Lakes  is  much  more  easterly  than  southerly.  It  is  noteworthy 
that  Arlington's  weather  reports  and  "press"  were  copied  with- 
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out  the  least  difficulty  altho  Great  Lakes,  900  feer  (275  m.) 
away,  was  operating  on  the  600  meter  spark  thruout  the  press 
work.  It  was  also  possible  to  copy  Milwaukee,  50  miles  (81  km.) 
to  the  north,  on  600  meters,  while  the  Great  Lakes  arc  was  in 
operation  on  6,000  meters,  radiating  50  amperes.  In  order  to 
utilize  the  directivity  of  the  ground  wires  in  such  a  way  as  better 
to  eliminate  the  interference  from  Great  Lakes,  the  tent  with 
the  apparatus  was  moved  300  feet  (93  m.)  further  to  the  north, 
so  that  a  line  from  the  main  radio  station  to  the  beach  station 
would  bisect  the  wires  nearly  at  right  angles.  Wires  300  and  600 
feet  (93  and  183  m.)  long  were  laid  in  wet  sand  and  a  regular 
spark  and  arc  watch  established  on  the  beach.  The  wires  were 
buried  about  a  foot  (0.3  m.)  deep.  The  following  table  of  obser- 
vations is  typical  of  the  results  obtained  and  shows  that  when 
Great  Lakes  (NAJ)  was  sending  on  1,500  meters  only  900  feet 
(275  m.)  away,  no  serious  interference  resulted  on  600  meters. 
None  of  the  stations  observed  were  of  high  efficiency,  the  average 
radiation  not  being  over  7.5  amperes  and  the  average  height 
to  center  of  capacity  about  125  feet  (38  m.). 


Time 

Station 

Distance 

Audibility 

10:50  A.M. 

WME 

50  miles    (81  km.) 

5,000 

10:54 

WLD 

130  miles  (209  km.) 

50 

10:56 

WFK 

175  miles  (282  km.) 

50 

11:25 

WDC 

L'nknown 

500 

11:37 

WDI 

35  miles  (56  km.) 

1,000 

11:40 

WFX 

40  miles  (64  km.) 

100 

11:42 

NAJ 

900  feet  (275  m.) 

400 

1 1 :43 

WHW 

120  miles  (193  km.) 

125 

11:45 

WLD 

130  miles  (209  km.) 

100 

1 :45  P.M. 

WFE 

35  miles  (  56  km.) 

600 

1:50 

WFH 

35  miles  (  56  km.) 

700 

As  far  as  handling  regular  traffic  was  concerned,  the  station 
on  the  beach  was  able  to  do  much  better  work  than  the  regular 
station,  owing  to  the  elimination  of  strays  and  to  the  ability 
to  work  thru  storms  during  which  the  main  antennas  had  to  be 
grounded.  Iron  pipe  ground  connections  were  driven  into  wet 
sand  at  the  end  of  the  wires  and  while  various  stations  were  send- 
ing the  ends  of  the  wires  were  connected  to  the  pipe.  No  differ- 
ence in  signal  was  noted.     The  strays  were  slighth'  worse.     The 
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directivity  of  the  wires  on  the  beach  was  very  marked,  signals 
from  the  "Essex,"  distant  only  two  miles  (3.2  km.)  straight  east 
from  the  beach  station,  were  received  with  an  audibility  of  only 
2.5.  On  the  other  hand  the  Naval  Station  at  Manistique, 
Michigan,  265  miles  (427  km.)  straight  to  the  north,  came  in  at 
the  same  time  with  an  audibility  of  400  on  the  same  wave  length. 
When  the  "Essex"  moved  away  to  the  south,  the  signals  came  up 
gradually  in  intensity.  Simultaneous  reception  on  arc  and  spark, 
with  the  same  pair  of  300-foot  (93  m.)  wires  was  carried  on  with- 
out difficulty  or  mutual  interference. 

Tests  w^ith  Multiple  Wires.  The  addition  of  two  wires 
on  each  side  separated  several  feet  (about  a  meter)  from  the 
original  wires  and  of  the  same  length,  produced  no  noticeable 
change  in  the  signals  or  strays.  This  point  has  subsequently 
been  tested  many  times.  The  Great  Lakes  results  do  not  agree 
on  this  point  with  those  reported  earlier  by  New  Orleans,  but 
it  is  certain  that  the  use  of  multiple  wires  of  the  same  length 
offers  no  material  advantage. 

6.    ExperIxMents  by  the  Naval  Radio  Laboratory 

During  the  summer  of  1917,  the  experiments  of  Mr.  Rogers 
at  Hyattsville  were  investigated  by  Doctor  L.  W.  Austin  of  the 
Naval  Radio  Laboratory,  Bureau  of  Standards,  and  additional 
experiments  were  made  under  Doctor  Austin's  direction  by 
Lieut.  J.  L.  Allen,  Chief  Electrician  Nicholson,  and  Electrician 
Parks  at  Mr.  Rogers'  laboratory  at  the  Fish  Hatchery  near 
Hyattsville.  Wires  were  run  for  sonie  distance  overland  and 
then  into  two  small  lakes.  Observations  were  made  on  the 
Eiffel  Tower  signals,  which  were  continuous  wave  at  8,000 
meters.  The  signals  were  weak  but  perfectly  readable  with 
practically  no  strays,  altho  at  the  same  time  heavy  strap's 
were  reported  at  the  Laboratory  at  the  Bureau  of  Standards. 
At  other  times,  however,  the  strays  were  extremely  bad. 
Doctor  Austin  reported  that  it  seemed  likely  from  the  re- 
sults at  the  Fish  Hatchery  as  well  as  from  those  at  the 
Rogers'  station,  that  severe  strays  on  ground  wires  might 
be  connected  with  the  drying  out  of  the  ground  in  the  hot  sun 
after  a  rain.  Experiments  by  the  Naval  Radio  Laboratory  at 
Mr.  Rogers'  Piney  Point  Laboratory  made  in  the  latter  part  of 
August  and  the  first  part  of  September  dealt  entirely  with  long 
wave  work.  They  will  be  reported  in  a  subsequent  paper.  Of 
special   interest  here,   as  applying  also   to  short  waves,  is  the 
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fact  that  they  emphasize  the  importance  of  adequate  insulation 
and  the  desirabihty  of  having  the  wires  whollj^  under  water  or 
in  moist  ground,  thus  checking  experiments  which  were  simul- 
taneously being  carried  on  at  Great  Lakes. 

7.    Optimum  Wire  Length 

The  New  Orleans'  experiments  having  indicated  that  for 
best  results  on  short  waves,  the  length  of  the  wire  should  be 
carefulh'  chosen,  experiments  were  begun  on  September  L  1917, 
at  Great  Lakes,  to  determine  the  optimum  wire  length  for  differ- 
ent wave  lengths.  The  first  work  was  done  on  600  meters. 
The  wire  used  was  number  12  rul)ber  covered.*  Switches  were 
installed  at  various  points  along  the  wire  which  was  300  feet 
(93  m.)  in  length  each  way,  north-and-south,  and  audibility 
measurements  were  taken  with  various  stations  sending  and  a 
curve  w'as  plotted  the  vertical  ordinates  of  which  represented 
the  audibilit}^  of  the  signal  at  a  certain  length  of  wire,  compared 
with  the  audibility  of  the  same  .signal  on  a  comparison  wire  with 
a  fixed  length  of  100  feet  (30.5  m.).  The  observations  were 
made  on  Milwaukee,  Manitowoc,  ^Nlanistique  (all  nearly  straight 
north  of  Great  Lakes),  and  Frankfort,  and  Ludington  (which  lay 
to  the  northeast).  The  curves  all  show  a  very  sharp  maximum 
at  125-foot  (38  m.)  length  of  wire.  The  optimum  length  evi- 
dently does  not  depend  upon  the  direction  from  which 
the  signal  comes.  Experiments  on  optimum  wire  length  were 
continued,  and  continuous  watch  was  established  on  the 
optimum  wire  length  for  600  meters.  It  was  found  possible  to 
receive  all  stations  in  the  .Great  Lakes  district  as  far  as  Alpena 
in  the  daytime  and  as  far  as  Calumet  at  night.  Calumet  is  335 
miles  (539  km.)  distant.  The  strays,  as  a  rule,  were  practically 
absent.  Occasionally  loud  cracks,  widely  separated,  were  re- 
ceived. These  isolated  strays,  altho  loud,  did  not  interfere 
with  the  reception  of  signals  on  account  of  their  brief  duration. 
On  two  occasions,  strays  rose  to  an  audibility  in  excess  of  5,000, 
using  two  stages  of  amplification,  but  even  in  this  case  reception 
of  signals,  altho  a  little  difficult,  was  not  interrupted,  as  the 
strays  were  not  all  numerous.  On  these  two  occasions  it  was 
necessary  to  ground  both  the  antennas  at  the  main  station. 
When  the  optimum  wire  length  is  used,  it  is  very  important 
indeed  that  the  wires  be  fully  insulated,  since  grounding  of  the 
wire,  either  intentionally  or  accidentally,  produces  a  diminution 
of  the  signals.     If  the  wires  are  accidentally  grounded  at  both 

*  Diameter  of  number  12  wire  =  0.0808  inch  =  0.21  cm. 
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ends,  the  signals  is  reduced  50  per  cent,  of  its  maximum  value. 
Grounding  the  wires  intentionally  or  accidentally,  decreases 
the  ratio  of  signals  to  strays.  The  decrease  is  particularly 
marked  when  the  wires  are  carefully  adjusted  to  optimum 
length.  For  short  waves,  the  length  should  be  within  5  per  cent, 
of  the  optimum  value  for  the  best  results.  In  order  to  deter- 
mine whether  the  optimum  wire  length  was  proportionate  to 
the  wave  length,  arrangements  were  made  for  the  transmission 
of  test  signals  from  the  University  of  Wisconsin  radio  station, 
9XM,  using  wave  lengths  of  425  and  1,125  meters.  The  bearing 
of  9XM  is  30°  north  of  west  from  Great  Lakes,  and  is  90  miles 
(145  km.)  distant.  The  optimum  length  for  425  meters  turned 
out  to  be  87  feet  (26.5  m.)  each  way,  or  174  feet  (53  m.)  over  all 
which  is  almost  exactly  gth  of  a  wave  length.  The  optimum 
wire  length  for  1,125  meters  proved  to  be  202  feet  (61.6  m.)  each 
way  or  404  feet  (123.2  m.)  over  all,  which  is  -/„  th  of  a  wave  length, 
but  inasmuch  as  an  insufficient  number  of  observations  were 
taken  at  the  peak  of  the  curve,  it  ;s  likely  that  further  ob.-erva- 
tions  would  show  this  value  also  to  be  ^th  of  a  wave  length. 
The  length  found  for  600  meters,  125  feet  (38  m.)  each  way  or 
250  feet  (76  m.)  over  all,  is  very  approximately  gth  of  a  wave 
length.  The  shape  of  the  curves  determined  at  Great  Lakes 
indicated  a  rather  abrupt  rise  of  signal  strength  when  the  opti- 
mum wire  length  was  secured.  The  curve  is,  however,  flatter 
for  1,125  meters  than  foi-  600  meters;  and  subsequent  experiments 
on  waves  in  excess  of  5,000  meters,  and  with  very  long  w'res, 
have  failed  to  show  any  pronounced  optimum  wire  length. 
Inasmuch  as  it  was  suspected  that  the  optimum  length  depended 
upon  the  electrical  constants  of  the  surrounding  medium,  wires 
were  installed  at  the  beach  station  directly  in  the  water,  which 
in  this  case  was,  of  course,  fresh  water.  The  optimum  length 
turned  out  to  be  exactly  the  same,  somewhat  to  the  wi'iter's 
astonishment,  but  the  signals  were  nearly  20  times  as  strong 
as  when  the  wires  were  laid  in  drj^  sand.  Very  satisfactory 
signals  were  obtained  using  two  wres,  one  connected  to  each 
post  of  the  receiver  and  both  running  in  the  same  direct  on,  pro- 
vided the  one  wire  was  in  the  water  or  in  very  wet  sand  and  the 
other  was  in  dry  sand.  The  waves  evidently  experience  a  change 
of  phase  as  well  as  a  change  in  their  angle  of  stagger  or  inclina- 
tion with  the  horizontal.  Experiments  were  now  undertaken 
by  Ensign  A.  Crossley,  at  Great  Lakes,  under  the  writer's  tlirec- 
tion,  to  determine  whether  the  ojitimum  length  depended  upon 
the  size  of  the  wires  and  the  thickness  of  the  in^>?ulation.     It 
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seemed  highly  desirable  to  use  high  tension  insulation  for  a  per- 
manent installation  and  experiments  were  undertaken,  first  with 
number  14  high  tension  Packard  cable,*  for  which  the  optimum 
wire  length  was  considerably  longer,  being  in  the  neighborhood 
of  200  feet  (61  m.)  for  600  meters.  These  experiments  continued 
thruout  the  summer,  and  Ensign  Crossley  was  able  finally  to 
report  that  the  optimum  length  was  inverseh-  proportional  to 
the  capacity  per  unit  length  of  the  wire  measured  against  the 
ground.  In  other  words,  with  a  given  size  of  wire,  the  thicker 
the  insulation  the  longer  will  be  the  optimum  length,  and  with 
a  given  thickness  of  insulation,  the  larger  the  wires,  the  shorter 
the  optimum  length.  These  ol^servations  are  very  difficult  and 
a  matter  of  much  labor  to  obtain.  It  is  to  be  regretted  that 
more  of  them  are  not  available,  made  by  other  observers,  for 
checking-up  purposes.  The  optimum  wire  length  for  wires  laid 
in  reddish  clay  soil  of  the  bluff  turned  out  to  be  the  same  as  was 
previously  determined  on  the  beach,  nevertheless  it  was  evident 
that  the  capacity  per  unit  length  of  a  wire  laid  in  very  dry  soil 
is  less  than  when  it  is  laid  in  very  wet  soil,  therefore,  the  opti- 
mum length  should  depend  on  the  nature  of  the  surrounding 
soil.  In  order  to  get  an  extreme  case,  wires  were  laid  3  inches 
(7.62  cm.)  deep  in  very  dry  sand  on  the  beach  and  after  many 
failures  on  account  of  frequent  rains,  a  series  of  measurements 
were  taken  which  indicated  pretty  definitely  that  the  optimum 
length  for  600  meters  for  number  12  rubber  covered  wiref  was 
162  feet  (49.4  m.)  each  way  instead  of  125  feet  (38.1  m.)  each 
way.  It  is  evident,  therefore,  that  for  best  results  wires  should 
be  laid  in  fairly  wet  soil  or  in  water.  First,  because  the  signals 
are  much  louder;  second,  because  the  relative  suppression  of 
strays  is  greater,  and  third,  because  then  the  optimum  length 
will  remain  fixed.  If  the  wires  are  laid  in  salt  water,  care  must 
be  taken  not  to  have  them  too  deep  unless  conditions  are  such 
that  very  high  amplification  can  be  used.  The  signal  falls  off 
very  rapidh'  with  the  depth  in  salt  water,  but  in  fresh  water 
there  is,  on  long  waves  at  least,  no  measurable  falling  off  in 
signal  strength  down  to  60  feet  (18.3  m.)  in  depth.  The  existence 
of  the  optimum  length  is  very  helpful  in  making  the  sj^stem 
much  more  sharply  selective,  a  feature  which  is  particularly 
valuable  in  distant  control  work.  Figure  1  shows  two  typical 
curves  obtained  in  a  determination  of  optimum  wire  length  for 
number  12  simplex  cable,  the  signals  in  each  case  being  com- 

*  Diameter  of  number  14  wire  =  0.0641  inch  =0.1G  cm. 
t  Diameter  of  number  12  wire  =  0.0808  inch  =  0.21  cm. 


pared  with  those  received  on  125  feet  (38  m.)  of  rubber  covered 
number  12  wire.  It  will  be  noted  that  125  feet  (38  m.)  was  the 
optimum  length  for  number  12  rubber  covered  wire.  The  in- 
sulation of  the  simplex  cable  is  approximately  twice  as  thick 
as  that  of  the  number  12  rubber  covered,  and  it  will  be  seen 
from  the  curves  that  the  optimum  length  is  also  twice  that  of  the 
rubber  covered  wire.     It  will  be  noted  also  that  when  the  opti- 
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mum  length  is  used  for  each  wire,  that  the  intensity  of  the  signal 
is  four  times  as  great  on  the  simplex  as  it  is  on  the  rubber  covered. 
Simplex  cable  has  therefore  been  used  in  the  final  installation, 
both  at  Great  Lakes  and  at  Norfolk.  The  optimum  length  for 
any  given  sample  of  wire  may  be  predetermined  approximately 
by  measuring  the  capacity  per  unit  length  of  the  sample  im- 
mersed in  water  and  comparing  it  with  the  capacitj'  per  unit 
length  of  a  standard  wire  the  optimum  length  for  which  is  already 
known.  The  optimum  length  of  the  sample  will  l)e  related  to 
the  optimum  length  of  the  standard  wire  inversely  as  their 
capacities  per  unit  length.  This  holds  good,  as  has  already 
been  pointed  out,  only  when  the  wire  is  l)uried  in  fairly  moist 
soil  or  in  water. 

8.  Experiments  on  the  Bluff  at  Great  Lakes 

The  steel  building  intended  for  the  radio  laboratoiy  having 
been  installed  in  Camp  Paul  Jones,  one-quarter  mile  (0.4  km.) 
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straight  north  of  the  radio  station,  wires  were  laid  in  trenches 
four  feet  (1.2  m.)  deep,  it  being  evidently  desirable  to  get  down 
to  the  level  of  permanently  moist  ground  for  the  sake  of  getting 
stronger' signals  and  good  ratios  of  signals  to  strays.  Previously 
determined  optimmn  lengths  of  wire  were  used  for  600  meters. 
The  trenches  radiated  north,  east,  south,  and  west.  A  good 
ground  connection  was  made  by  driving  an  iron  pipe  down  to 
ground  water  level.  It  seems  curious  that  ground  water  should 
have  been  found  below  four  feet  (1.2  m.)  at  the  location  of  Camp 
Paul  Jones  as  it  is  near  the  edge  of  a  90-foot  (27.5  m.)  bluff, 
but  such  was  the  case.  In  ground  wire  work  it  is,  of  course, 
always  possible  to  use  one  wire  against  a  good  ground  connection. 
It  has  never  been  definitely  settled  whether  this  gives  as  good 
elimination  of  strays  as  when  the  wires  are  used  in  pairs  in  the 
same  straight  line.  The  signal  is  about  65  per  cent,  of  the 
strength  of  the  signals  which  are  obtained  when  the  wires  are 
used  in  pairs.  The  optimum  length  is  the  same.  If  additional 
wire  is  added  to  the  ground  wire  system,  but  is  not  buried  or 
under  water,  it  has  very  little,  if  any,  effect  upon  the  optimum 
length.  That  is  to  say,  the  optimum  length  is  the  length  of  the 
submerged  or  subterranean  portion  of  the  wire.  If,  as  Ensign 
Crossley's  reports  indicate,  the  optimum  length  is  determined 
by  the  capacity  per  unit  length  of  the  wire,  this  is,  of  course, 
fairh'  understandable,  as  the  portion  of  the  wire  unburied  has 
relatively  small  capacity.  Since  the  ground  wire  system  is 
highly  directive,  the  best  standard  listening-in  arrangement  for 
picking  up  signals  is  to  use  a  pair  of  wires  at  right  angles  to  each 
other,  with,  a  switch  arrangement  so  that  when  a  signal  is  found, 
the  proper  wire  pair  can  immediately  be  thrown  in.  The  use 
of  a  west  wire  and  south  wire,  for  instance,  will  pick  up  signals 
from  stations  lying  in  a  general  north-and-south  direction,  or 
in  a  general  east-and-west  direction.  Signals  coming  exactly 
along  the  bisector  of  the  angle  between  the  two  wires,  however, 
will  be  eliminated.  The  best  universal  listening-in  arrangement 
is  to  use  two  wires  at  right  angles  in  parallel  with  each  other 
connected  to  one  side  of  the  receiver,  the  other  side  of  which  is 
grounded. 

9.    Experiments  at  Xew  Loxdox 

Durmg  the  month  of  August.  1917,  underwater  experiments 
were  conducted  by  ^Ir.  H.  H.  Lyon  at  the  Submarine  Base  at 
Xew  London,  Connecticut.  The  water  at  this  point  is  brackish. 
The  experiments  were  mostly  on  long  waves  and  only  a  relatively 


small  amount  of  data  was  collected.  This  showed,  however, 
that  the  results  parallel  those  obtained  at  other  points.  It  was 
noted  in  a  report  b}'  Mr.  Lj'on  under  date  of  August  11,  1917, 
that  it  was  possible  to  work  thru  a  thunderstorm  which  appeared 
to  be  only  three  miles  (4.8  km.)  distant  and  that  it  was  highly 
desirable  to  have  the  wires  fulh^  insulated.  It  is  understood 
that  signals  were  received  up  to  fifteen  feet  (4.6  m.)  under  water, 
altho  this  point  is  not  specifically  mentioned  in  this  report.  One 
stage  of  amplification  was  used  thruout  the  experiments.  The 
antenna  wires  were  500  feet  (153  m.)  in  length. 

10.    Transmission  on  Ground  Wires 

The  failure  of  the  early  experiments  by  Mr.  Clark  on  trans- 
mission using  submerged  wires  has  already  been  pointed  out 
as  having  been  due  to  inadequate  detecting  apparatus.  Mr. 
Rogers'  experiments  on  transmission  were  far  more  promising. 
The  problem  was  taken  up  again  by  Ensign  A.  Crossley  under 
the  writer's  direction.  The  following  excerpts  from  Ensign 
Crossley's  reports  under  date  of  January  9th  and  Januar^^  23, 
1918,  ai'e  of  interest  here. 

"It  is  noted  that  the  use  of  a  series  condenser  and  large  in- 
ductances are  essential.  By  using  the  ground  and  one  wire, 
a  wave  is  emitted  whose  directive  transmitting  properties  are 
impaii'ed,  while  by  using  two  wires  the  directivity  of  this  system 
is  very  pronounced;  namely,  if  we  use  a  ground  and  south  wire, 
signals  are  received  with  a  maximum  audibility  at  the  radio 
station  which  is  due  south  of  the  laboratory,  and  if  the  east- 
and-west  wires  are  used,  we  find  that  minimum  audibilities 
are  received  at  the  radio  station.  Altho  comparatively  low 
voltages  (1,500  to  5,000)  were  used  on  the  subterranean  wires 
and  no  trouble  was  experienced  with  their  insulating  qualities, 
it  is  practical  to  use  other  systems  which  necessitates  higher 
voltages,  provided  slight  changes  are  made  to  insure  sufficient 
insulation.  The  foregoing  experiments  were  conducted  on  wires 
whose  optimum  length  gave  maximum  received  signals  on  a  GOO- 
meter  wave.  It  may  l)e  probable  that  there  is  a  different  opti- 
mum length  for  transmitting  on  600  meters.  l)ut  cxjxM-iments 
for  this  optimum  length  are  impiactical  at  the  jMcsent  time  due 
to  frozen  gi'ound  in  this  vicinity.  Experiments  of  this  natui-e 
will  be  conducted  in  the  Spring." 

"Much  trouble  was  experienced  in  operating  the  0.5-kil()- 
watt  bulb  transmitter,  due  to  frequent  polarization  of  the 
bulbs.      This    trouble    entailed    a    dehu'    of    five    days    during 

355 


which  time  different  experiments  were  conducted  for  maxi- 
mum radiation.  Direct  connection  to  ground  wires,  using 
inchictanee  and  a  capacity  in  series  with  one  wire,  the  other 
side  of  the  circuit  being  connected  directly  to  ground,  gave 
maximum  radiation,  but  unstable  adjustment  of  bulbs.  The 
main  trouble  with  this  hook-up  is  that  when  maximum  radi- 
ation is  obtained,  the  bulbs  become  unstable  and  frequently 
polarized.  This  polarization  necessitates  complete  re-adjust- 
ment of  the  circuits  and  consequent  loss  of  from  ten  to  fifteen 
minutes  of  time.  The  inductive  coupling  as  shown  in  Figure  2, 
gave  approximately  0.5  the  radiation,  as  obtained  with  the  first 
hook-up.     This   connection   required   verj^   accurate   tuning   of 
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Figure  2 


condenser  before  any  radiation  was  obtained.  Upon  com- 
pleting these  preliminary  tests,  arrangements  were  made  with 
Mr.  A.  L.  Howard,  of  Chicago,  w^io  kindly  offered  the  services 
of  his  station  to  conduct  tests  between  the  Laboratory  and 
Chicago.  One  operator  was  detailed  from  the  Laboratory  to 
assist  in  overhauling  Mr.  Howard's  receiving  station.  One 
afternoon  was  required  to  complete  this  work.  That  evening 
the  experiments  were  commenced  with  Mr.  Howard's  station, 
36  miles  (58  km.)  from  Great  Lakes.  Wave  lengths  of  340,  600, 
and  720  meters  were  used  in  this  experiment,  with  respective 
antenna  currents  of  0.8,  1.0,  and  L4  amperes.  Considerable 
difficulty  was  experienced  at  Mr.  Howard's  station  due  to  the 
audion  detector  being  apparently  dead  from  poor  vacuum. 
Two  hours  were  consumed  in  reviving  this  detector,  after  which 
time  the  receiving  set  was  in  perfect  condition.  The  signals 
from  the  Laboratory  were  heard  during  the  last  five  minutes 
of  the  test.  The  sending  schedule  being  finished,  no  further 
signals  were  received  from  the  Laboratory-.  No  definite  data 
could  be  obtained  during  this  test.  Arrangements  are  being 
made  whereby  one  operator  will  be  detailed  permanently  at  Mr. 
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Howard's  station  and  daily  tests  will  be  conducted  between  the 
two  stations.  If  it  were  possible  to  use  a  Cutting  and  Washing- 
ton or  a  Clapp-Eastham  'Hj'tone'  transmitting  set,  both  of 
which  use  low  voltages,  it  is  probable  that  better  results  might 
be  obtained,  as  the  bulb  set  is  very  unstable  and  requires 
expert  manipulation.  Efforts  are  being  made  to  obtain  such  a 
set.  If  this  is  not  possible  a  Nav}'  portable  oOO-cycle  field  set 
will  be  used." 

Under  date  of  Januarj^  31st,  Ensign  Crossley  reported  sub- 
sequent experiments  using  the  same  comliination  of  appai'atus, 
except  that  the  signals  from  the  underground  system  were  com- 
pared with  those  obtained  by  using  the  same  transmitter  on  a 
four-wire  antenna  200  feet  (61  m.)  long,  10  feet  (3.5  m.)  high 
at  one  end  and  25  feet  (7.6  m)  high  at  the  other.  A  wave  length 
of  720  meters  was  used  on  the  antenna  and  the  antenna  current 
was  1.8  amperes.  On  the  underground  system  two  wave  lengths 
were  used,  one  of  450  meters  and  the  other  of  550  meters.  The 
radiation  of  the  underground  system  was  kept  at  about  0.5 
amperes  for  each  wave.  The  test  was  continued  for  one  week, 
two  hours  each  day.  Upon  averaging  the  audil)ilities  of  i-eceived 
signals,  it  was  found  that  the  subterranean  wires  emitted  signals 
that  were  received  at  Chicago,  distant  36  miles  (58  km.),  with 
twice  the  audibility  of  the  signals  from  the  antenna.  The  fol- 
lowing week  the  experiments  were  repeated  and  showed  an  aver- 
age audibility  of  1,656  for  the  subterranean  wires  and  700  for 
the  aerial.  To  test  the  directivity,  signals  were  transmitted  on 
a  combination  of  ground  and  south  wire,  and  ground  and  east 
wire.  The  results  showed  that  signals  transmitted  on  the  ground 
and  south  combination  were  six  times  as  strong  as  the  signals 
transmitted  on  the  ground  and  east  wire  combination.  The 
receiving  station  in  Chicago  was  due  south  from  the  laboratory. 
So  much  trouble  was  experienced  with  the  bulb  set  that  it 
was  replaced  with  a  Clapp-Eastham  0.5-kilowatt  "Hytonc" 
transmitting  set.  While  experimenting  with  this  set,  it  was 
noted  that  the  addition  of  extra  wires  increased  the  radiation. 
For  instance,  if  0.8  of  an  ampere  was  obtained  by  using  the  ground 
against  a  south  wire,  this  was  increased  to  1  ampere  if  a  north 
wire  was  added.  AVhen  using  all  the  wires,  namely,  north, 
northeast,  east,  southeast,  south,  southwest,  west,  and  north- 
west against  the  ground,  a  radiation  of  1.6  amperes  was  obtained 
on  450  meters.     The  following  readings  were  obtained  at  Chicago : 
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Combination 

Radiation 
Amperes 

Audibility 

of  Received 

Signals 

Wave 
Length 
Meters 

Ground  with  south  wire.  .  .  . 

Ground  with  north  and  south 

wire 

0.8 

0.8 

1.6 
1.6 

12 

20 

SO 
60 

450 

450 

450 
450 

Ground  with  X,  XE,  E,  SE. 
s,  sw,  w,  xw 

Regular  antenna 

The  results  indicated  in  this  table  are  very  abnormal.  For  in- 
stance using  a  north-and-south  wire,  nothing  should  have  been 
received  at  Chicago  except  that  due  to  a  regular  antenna  effect, 
due  to  the  fact  that  the  true  ground  was  a  few  feet  (about  a 
meter)  below  the  level  of  the  ground  wires.  The  signals  re- 
ceived at  Chicago  on  this  combination  should  have  been  very 
small.  It  later  transpired  that  the  south  wire  had  been  punc- 
tured by  the  higher  voltages  of  the  Clapp-Eastham  set.  What 
we  had  to  deal  with  here  was  probably  a  loop  transmission  effect 
with  the  loop  underground.  The  north  buried  wire  constituted 
the  top  of  the  loop  and  the  ground  constituted  the  return  or 
under  side.  The  writer  suggested  that  a  counterpoise  wire  2.5 
feet  (0.76  m.)  above  the  ground  be  tried  out  against  the  north 
wire.  This  proved  to  give  the  best  results,  possibly  due  partly 
to  the  fact  that  less  strain  was  placed  on  the  insulation  between 
the  buried  wire  and  ground.  Xo  ground  connection  was  used 
with  this  combination.  The  signals  as  received  at  Chicago 
were  2.5  times  as  strong  as  those  sent  from  an  antenna  240  feet 
(73  m.)  long,  9  feet  (2.7  m.)  wide,  14  feet  (4.3  m.)  high  at  one 
end  and  40  feet  (12.2  m.)  high  at  the  other  end,  using  the  same 
radiation.  Ensign  Crossley  recommended  that  to  obtain  more 
radiation  the  use  of  several  parallel  wires  would  be  of  advantage. 
He  was  unable  to  try  this  out  on  account  of  the  ground  being 
frozen  at  the  time.  It  was  discovered  that  the  combination 
using  all  wires  together  against  the  ground  had  very  poor  radi- 
ating Cjualities  when  all  wires  were  properly  insulated.  During 
the  following  week,  both  the  north  and  south  wires  again  devel- 
oped a  ground,  but  it  was  still  possible  to  use  them  against  the 
counterpoise.  The  signal  was  reduced  to  one-third  of  its  pre- 
vious value.  Experiments  weie  then  made  with  various  eleva- 
tions of  the  counterpoise  above  the  wires  in  the  ground  with 
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which  it  was  used.  It  was  discovered  that  the  closer  the  counter- 
poise was  kept  to  the  earth,  the  greater  were  the  audibihties 
obtained  at  the  Chicago  station,  and  upon  laying  the  counter- 
poise directly  upon  the  surface  the  best  results  were  obtained. 
Further  experiments  on  transmission  were  here  interrupted  by 
the  transfer  of  Ensign  Crossley  to  Norfolk  to  undertake  the 
installation  of  the  subterranean  distant  control  station  at  that 
point.  The  writer  had  already  been  at  Belmar  for  some  time; 
moreover,  the  weather  at  Great  Lakes  was  such  as  to  make  it 
very  difficult  to  continue  the  experiments. 

11.    Summary 

(a)  The  history  of  the  Navy's  connection  with  ground  wire 
work,  based  on  the  Rogers  system,  has  been  briefly  outlined. 

(b)  It  has  been  shown  that  it  is  possible  to  receive  ver}' 
efficiently  signals  from  stations  at  any  wave  length,  long  or 
short,  using  submerged  or  subterranean  wires,  provided  that  one 
or  two  stages  of  amplification  be  used. 

(c)  The  directivity  of  the  wires  has  been  carefully  examined 
and  it  has  been  proven  that  signals  coming  at  right  angles  to 
a  given  wire  pair  are  excluded,  while  signals  coming  parallel  to 
the  wire  pair  are  received  with  maximum  intensity. 

(d)  The  feasibility  of  utilizing  this  system  with  its  highly 
directive  and  highly  selective  properties  for  distant  control  work 
has  been  demonstrated.  A  new  type  of  distant  control  is  there- 
fore possible,  a  type  where  the  control  station  need  be  removed 
only  a  few  hundred  feet  (50  or  100  m.)  from  the  sending  station. 

(e)  The  optimum  wire  length  has  been  determined  to  l)e 
independent  of  the  angle  from  which  the  signal  comes  and  to  l)e, 
for  short  waves,  roughly  proportional  to  the  wave  length.  The 
existence  of  the  optimum  length  greatly  increased  the  selectivity 
of  the  receiver.  The  optimum  length  has  been  determined  to 
be  independent  of  the  nature  of  the  suri'ounding  medium,  if  the 
same  is  wet  or  moist.  The  optimum  length  depends  inversely 
upon  the  capacity  per  unit  length  of  the  wire  used. 

(f)  The  importance  of  adeciuate  insulation  has  l)een  indicated. 

(g)  The  relative  advantage  of  ground  wire  reception  on 
short  waves  lies  in  the  ability  of  the  receiving  ojierators  to  con- 
tinue to  copy  messages  thru  violent  storms  without  danger  to 
themselves  and  with  littU^  or  no  interruption  of  traffic.  The 
very  great  advantage  in  the  suppression  of  summer  strays  is 
noted  on  all  waves  ])ut  particularly  on  short  ones.  The  manner 
of  the  sui)pi"ession  of  strays  seems  to  be  not  only  a  rcnhiction  in 

359 


intensitj'  all  around,  but  a  remarkable  reduction  in  the  frequency 
of  the  strays.  Altho  the  ground  ^yire  system  appears  in  many 
respects  to  be  aperiodic,  the  fact  that  an  optimum  length  of  wire 
exists  for  short  waves,  stands  as  a  hitherto  unexplained  contra- 
diction. 

(h)  Reception  in  fresh  water  or  wet  soil  is  enormously 
superior  to  that  of  bai-e  wires  above  or  on  the  sui'face  or  in  dry 
soil.  As  the  wire  is  lowered  into  water  or  into  wet  ground,  the 
signals  increase,  whereas  the  strays  are  reduced.  How  deep  the 
wires  may  be  buried  with  advantage  is  not  j^et  known. 

(i)  Preliminary  experiments  on  transmission  with  subter- 
ranean wires  have  shown  that  transmission  with  low  powers 
and  continuous  short  waves  is  possible  over  considerable  dis- 
tances. The  greatest  communicating  distance  obtained  was  be- 
tween Great  Lakes  and  Chicago,  a  distance  of  36  miles  (58  km.), 
with  0.8  of  an  ampere  in  the  underground  wires.  Interesting 
possibilities  are  indicated  by  these  transmission  experiments. 
With  specially  insulated  wires  and  amplifying  receiving  sets, 
much  greater  distances  can  undoubted!}'  be  obtained. 

12.    Theoretical  Considerations 

Since  grovmd  wire  reception  may  be  carried  out  with  wires 
very  near  the  surface  of  the  ground,  altho  not  so  successfully 
as  when  buried  deeper,  the  phenomenon  must  depend  upon  the 
well  known  stagger  or  inclination  of  the  advancing  wave  front, 
thus  giving  a  horizontal  component  to  the  electric  vector  parallel 
to  the  receiving  wires.  It  is  likely  that  this  angle  of  stagger 
increased  with  the  penetration  of  the  wave,  especially  when 
that  penetration  reaches  a  soil  of  considerable  conductivity  in 
comparison  with  absolutely  dry  soil.  It  is  possible,  of  course, 
that  buried  wires  may  also  act  in  a  way  like  loops,  the  capacity 
of  the  wires  to  the  ground  furnishing  a  return  thru  ground  for 
the  lower  side  of  the  loop.  Reception  on  ground  wires  follows 
the  same  law  of  diurnal  variation  and  seasonal  variation  as 
reception  on  an  ordinary  antenna.  It  is  not  believed,  therefore, 
that  we  have  here  to  do  with  a  sepai-ate  wave  or  current  in  the 
earth.  This  point  has  not  been  specifically  mentioned  in  this 
paper,  but  has  been  thoroly  proven  by  observations  on  trans- 
Atlantic  work.  The  writer  is  unable  to  form  an  opinion  as  to 
whether  the  suppression  of  strays  is  due  to  the  material  surround- 
ing the  wire  acting  like  a  Dieckmann  cage  or  to  the  fact  that 
possibly  the  origin  of  the  strays  is  at  such  a  point  that  their 
horizontal  electrical  components  are  relatively  less  than  those 
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of  the  signals.  The  aperiodicity  of  the  wires  is  also  unques- 
tionably an  important  factor  in  eliminating  strays.  Since  the 
signals  received  on  ground  wires  are  admittedly  much  weaker 
than  those  received  on  antennas  of  comparable  dimensions,  it  is 
evident  that  transmission  on  ground  wires  will  be  limited  in 
efficiency  by  the  low  radiation  in  horizontal  directions.  It  has, 
however,  the  advantage  of  high  directivity,  and  as  shown  by 
Great  Lakes  experiments,  is  on  low  powers,  decidedly  more 
efficient  than  transmission  on  closed  loops.  The  transmission 
experiments  have  hardly  progressed  to  the  point  where  any 
definite  conclusions  may  be  drawn. 

SUMMARY:  After  an  historical  review  of  the  work  of  the  United  States 
Navy  with  underground  and  underwater  receiving  systems,  the  author  gives 
data  demonstrating  the  possibiUty  of  effective  reception  on  such  systems, 
particularly  when  using  amplifiers. 

These  systems  are  found  to  be  directional  toward  waves  travelling  parallel 
to  the  length  of  the  wire  pair.  This  directional  selectivity,  which  is  marked, 
is  applied  in  control  stations  for  duplex  working. 

For  such  underground  systems,  an  optimum  wire  length  for  best  reception 
is  found  to  be  roughly  proportional  to  the  wave  length  (for  short  waves)  and 
independent  of  the  direction  of  approach  of  the  signal.  The  existence  of  this 
optimum  length  gives  further  utilisable  selectivity.  This  length  is  independ- 
ent of  the  nature  of  the  surrounding  medium  and  varies  inversely  as  the 
capacity  per  unit  length  of  the  wire.  The  wire  in  question  must  be  well  insu- 
lated. 

Reception  thru  violent  storms,  and  suppression  of  summer  strays  (par- 
ticularly at  short  wave  lengths)  are  found. 

It  is  found  that  lowering  such  wire  systems  from  above  ground  into  wet 
soil  or  into  water  greatly  increases  the  signal  strength  and  diminishes  strays. 

Transmission  at  short  wave  lengths,  over  considerable  distances,  using 
such  systems  has  been  found  possible  with  low  power  sustained  wave  trans- 
mitters. 
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DISCUSSION 

Julius  Weinberger  (by  letter) :  There  has  been  a  good  deal 
of  work  done  along  the  lines  indicated  in  Commander  Taylor's 
paper,  by  Kiebitz,  Hosier,  Hausrath,  and  Braun,  in  Germany, 
a  great  many  years  ago.  Kiebitz  experimented  mainly  with  low 
horizontal  antennas  and  wires  laid  upon  the  ground;  his  results 
are  given  in  "Jahrbuch  der  drahtlosen  Telegraphic,"  volume  5, 
page  360  (1912),  and  volume  6,  pages  1  and  554  (1912).  Of 
interest  also  is  a  discussion  between  Mosler,  Burstjai,  and 
Hausrath,  in  the  same  periodical,  volume  6,  pages  359-366  and 
570-573  (1912),  in  which  numerous  experiments  are  described 
to  prove  the  feasibility  of  reception  on  horizontal  antennas  on 
dry  sand,  over  fresh  water  and  under  its  surface;  the  fact  is  alsO' 
mentioned  that  at  that  time  Professor  Braun  was  conducting 
experiments  on  subterranean  reception  in  the  fortress  of  Strass- 
burg. 

A.  Hoyt  Taylor  (by  letter) :  I  think  it  must  be  conceded 
that  the  first  papers  on  ground  wire  work  appeared  in  Germany, 
altho  there  is  evidence  to  show  that  Air.  Rogers  in  this  country 
was  probabl.y  working  along  these  lines  at  an  earlier  date.  The 
German  experiments  were  more  largely  concerned  with  very  low 
antennas,  rather  than  with  antennas  under  the  earth  or  under 
the  water,  and  no  systematic  attempt  seems  to  have  been  made 
to  do  very  long  distance  work  or  to  investigate  the  relation  be- 
tween strays  and  signals. 
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SIMULTANEOUS  SENDING   AND  RECEIVING* 

By 

Ernst  F.  W.  AlexandersonI 

(Consulting  Engineer.  General  Electric  Company) 

The  first  part  of  this  paper  dealing  with  duplex  telephony 
and  the  "bridge  receiver"  was  printed  before  America's  partici- 
pation in  the  war,  but  the  publication  of  the  same  was  with- 
held at  the  request  of  General  Squier  and  Commander  Hooper 
after  a  demonstration  of  the  system  to  these  officers  in  Schenec- 
tady. The  author  also  had  the  opportunity  to  make  a  demon- 
stration of  the  bridge  receiver  on  the  battleship  "New  York" 
in  accordance  with  the  request  of  Commander  Hooper;  and  it 
is  his  understanding  that  further  applications  of  the  system  of 
simultaneous  sending  and  receiving  to  war  ships  have  been  made 
by  the  Navy. 

The  object  of  this  development  was  l^riefly  to  provide  means 
for  neutralizing  the  overwhelming  intensity  of  the  transmitted 
signal  so  as  to  make  the  receiving  set  sensitive  to  the  faint  im- 
pulses of  the  distant  signal.  Popularly  speaking,  the  corres- 
ponding equivalent  in  sound  waves  would  be  to  have  an  ear 
which  could  be  so  adjusted  that  a  person  could  stand  close  to 
a  steam  whistle  without  hearing  the  whistle  but  listen  to  a  person 
s])eaking  from  a  distance  of  a  few  hundred  feet  (about  a  hundred 
meters).  A  successful  solution  of  this  problem  was  found  as 
described.  This  method  of  reception  which  is  characterized  by 
a  static  bridge  neutralization  may  be  properly  classified  as 
the  "bridge  receiver." 

The  Barrage  Receiver 

During  the  war  the  same  problem  presented  itself  again  in 
a  form  which  called  for  a  new  solution.  Distances  are  only 
relative,  and  a  steam  whistle  located  in  Germany  might  make 

*  Received  by  the  Editor,  February  8,  1919.  Paragraijlis  and  figures 
starred  thus:  *,  were  received  March  14,  1917.  Presented  before  the  Insti- 
tute, New  York,  April  2,  1919. 

fin  connection  with  the  experimental  work  referred  to  in  this  paper,  the 
author  wishes  to  acknowledge  the  co-operation  of  Mr.  H.  H.  Beverage  and 
Mr.  B.  Bradbury. 
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such  a  noise  that  it  would  completely  drown  out  both  in  England 
and  France  the  sound  of  the  voice  calling  from  America.  To 
find  a  way  to  counteract  such  a  contingency  was  seriously  con- 
sidered by  the  Inter- Allied  conference  in  February,  1918;  and 
appeals  for  a  solution  were  conveyed  to  the  author  by  the  French 
representative  in  this  country,  Lieutenant  Paternot.  The 
solution  to  this  problem  which  was  adopted  by  the  American 
as  well  as  the  French  Government  after  the  first  demonstration, 
has  become  known  as  the  "barrage  receiver."  This  name 
appears  appropriate  because  the  word  "barrage"  has  not  only 
the  military  meaning  which  has  become  so  familiar  but  also  the 
original  meaning  of  toll  or  stoppage  prevention.  Thus  the 
barrage  receiver  may  be  used  not  only  in  time  of  war  to  counter- 
act the  offensive  barrage  of  an  enemy  radio  station,  but  it  maj^ 
be  used  to  multiply  the  number  of  peaceful  communications 
that  may  be  carried  on  simultaneously  without  disturbing  each 
other. 

Duplex  Radio  Telephony 

*Everybod3^  who  has  experimented  with  radio  telephony  has 
undoubtedly  observed  that  the  interchange  of  ideas  is  not  satis- 
factory if  it  is  necessary  to  manipulate  a  switch  of  some  kind  in 
order  to  change  the  equipment  from  sending  to  receiving.  Even 
if  an  automatic  device  is  used  for  performing  the  change-over, 
the  two  parties  are  apt  to  say  "hello"  simultaneously,  then  wait 
for  an  answer  simultaneously,  then  say  "hello"  again,  and  finally 
give  it  up  in  despair.  It  can,  therefore,  be  said  that  one  of  the 
most  important  problems  from  the  point  of  view  of  making  radio 
telephony  practical  and  useful  for  the  general  public  is  to  devise 
a  simple  method  of  duplex  operation,  whereby  the  speaker  is 
able  to  hear  the  voice  of  the  other  party  in  the  same  way  as  this 
is  done  on  the  wire  lines.  In  the  work  that  has  been  done  to 
attain  this  end  several  possibilities  have  presented  themselves 
and  have  been  tried  out.  It  should  first  be  mentioned  that 
Fessenden  worked  out  a  system  of  duplex  telephony  whereby  the 
same  antenna  could  be  used  for  sending  and  receiving  at  the 
same  time.  As  shown  bj-  the  patent  records,  this  was  accom- 
plished by  a  system  of  neutralization  in  the  receiving  circuit 
whereby  a  high  degree  of  selectivity  is  attained  between  the 
sending  and  receiving  wave  lengths.  In  deciding  upon  the 
possible  methods  of  attacking  the  problem  experimentally  the 
above  method  was  left  out  of  consideration  on  account  of  the 
practical  difficulties  that  it  appeared  to  present. 


*The  first  method  that  yielded  practical  results  was  the  use 
of  separate  sending  and  receiving  antennas,  located  sufficiently 
far  apart,  so  that  the  selectivity  of  ordinary  receiving  instruments 
could  be  depended  upon  for  differentiation  between  the  wave 
lengths  of  the  sending  and  receiving  stations.  Each  pair  of 
sending  and  receiving  stations  were  interconnected  by  a  wire 
line  and  furthermore  connected  to  the  exchange  of  the  local 
telephone  system,  so  that  any  subscriber  on  the  telephone  system 
could  be  connected  to  the  radio  system.  With  this  arrangement 
the  radio  system  has  the  same  relation  to  the  subscriber  as  a  toll 
line.  The  radio  operator  takes  the  place  of  the  toll  line  operator, 
and  to  the  subscril)er  the  method  of  communication  is  the  same 
as  a  conversation  over  the  toll  line.  The  diagram  of  connections 
is  shown  in  Figure  1.  It  may  be  noted  that  the  lines  from  the 
sending  and  receiving  stations  are  introduced  in  series  with  the 
subscriber's  line.     While  a  shunt  connection  can  be  made  which 


*FlGURE    1- 


-Systcni  of  Duplex  Radiotelephony  Connected 
with  Local  Telephone  Exchange 


is  theoretically  equivalent  to  a  series  connection  if  resistance, 
inductance,  and  capacity  are  carefully  equalized,  it  was  found 
that  the  series  connection  could  more  easily  be  arranged  so  as 
not  to  interfere  with  the  quaUtj^  of  articulation.  The  subscriber 
and  the  sending  station  are  connected  like  two  ordinary  sub- 
scribers on  a  central  exchange  with  the  only  difference  that  a 
transformer  with  its  primary  winding  connected  across  the  line 
fi'om  the  receiving  station  is,  by  its  secondary,  permanently 
introduced  in  series  with  the  Hne  to  the  sending  station.  A  tele- 
phone current  originating  in  the  receiving  station  is  thus  trans- 
formed into  a  current  flowing  in  the  closed  circuit  between  the 
subscriber's  instrument  and  the  instrument  in  the  sending 
station.  A  telephone  current  originating  in  the  subscriber's 
instrument  will  follow  exactly  the  same  path.  It  thus  follows 
that  the  current  originating  in  the  receiving  station  will  be 
transmitted  by  the  sending  station  in  the  same  way  as  the  current 
carrying  the  voice  of  the  local  subscriber.  Consequently  both 
sides  of  the  conversation  are  transmitted  by  each  sending  station 
and  a  third  party  might  hear  both  speakers  by  tuning  in  on  either 
of  the  two  wave  lengths;  this  conclusion  was  confirmed  by  the 
tests.  Another  conclusion  can  also  be  drawn  from  the  above 
reasoning.  If  the  amplification  in  the  receiving  station  should 
be  n:iade  great  enough  to  produce  a  telephone  current  in  the 
subscriber's  line  of  greater  intensity  than  the  current  originally 
produced  by  the  speaker,  this  same  current  will  be  relayed  again 
thru  the  sending  station  and  come  back  to  the  speaker  in  inten- 
sified form  and  would  again  be  transmitted  from  the  first  sending 
station.  A  cumulative  effect  would  thus  be  created  which  would 
result  in  self-exciting  inarticulate  oscillations  such  as  may  be 
obtained  by  holding  a  receiver  in  front  of  a  microphone.  Any 
trouble  from  this  source  is  entirely  avoided  by  keeping  the 
amplification  within  a  certain  critical  value,  whereby  the  re- 
transmission becomes  so  rapidly  converging  as  to  cause  no 
noticeable  interference. 

*\Vhile  the  system  of  duplex  radio  telephony  described  will 
probably  prove  the  most  practical  for  communication  over  long 
distances  between  subscribers  of  the  local  telephone  exchanges, 
there  are  other  promising  fields  for  radio  telephony  for  which 
interconnection  with  wire  telephone  exchanges  is  neither  desirable 
nor  practical.  Such  applications  are  communication  between 
ships,  emergency  communication  between  sub-stations  of  electric 
power  systems,  radiotelephonic  train  dispatching,  supervising 
stations  for  forests,   and,  in  general,   communication  between 
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isolated  settlements  in  unbroken  countries.  In  all  these  cases, 
it  is  essential  that  the  sending  and  receiving  equipment  should 
be  a  unit  controlled  by  the  same  operator.  There  is,  on  the 
other  hand,  no  object  in  combining  the  transmitted  and  received 
telephone  current  in  the  same  circuit  because  the  operator  may 
speak  into  a  microphone  and  receive  thru  a  headphone  which 
two  instruments  have  no  electrical  connection  with  each  other. 
The  most  desirable  arrangement  under  these  conditions  would, 
no  doubt,  be  to  have  a  duplex  system  as  indicated  by  Fessenden, 
whereby  the  same  antenna  could  be  used  simultaneously  for 
sending  and  receiving.  Another  possibility  of  using  the  same 
antenna  was  considered:  to  use  the  same  set  of  wires  as  a  loop 
antenna  for  the  one  function  and  as  an  open  antenna  for  the 
other  function.  For  various  reasons,  however,  the  following 
solution,  which  will  be  described  in  greater  detail,  was  found 
the  most  practical. 

Neutralized  Receiving  Antenna  Mounted  on  the  Samk 
Mast  as  the  Sending  Antenna 

*If  two  sets  of  wires  are  mounted  on  the  same  masts,  the 
radiation  from  one  set  to  the  other  is  obviously  so  strong  that 
the  overpowering  of  an  ordinary  receiving  set  by  the  transmitted 
energy  would  be  almost  of  the  same  order  of  magnitude  as  if 
the  identical  wires  were  used.  The  quantitative  relations  may 
be  better  appreciated  by  mentioning  specific  figures.  In  the 
tests  made  in  Schenectady,  the  receiving  antenna  consists  of 
five  wires  mounted  as  an  umbrella  around  the  main  mast,  while 
the  sending  antenna  consists  of  two  wires  extending  from  this 
mast  to  another  building.  The  capacity  to  ground  of  the 
sending  antenna  is  0.003  microfarad,  the  receiving  antenna  0.0011 
microfarad,  and  the  mutual  capacity  such  that  10,000  volts  on 
the  sending  antenna  produces  500  volts  on  the  receiving  antenna 
when  it  is  disconnected.  While  it  is  obvious  that  an  antenna 
oscillating  with  500  volts  continuous  waves  could  not  be  used 
with  ordinary  methods  of  reception,  the  system  for  neutraliza- 
tion which  will  be  described  has  proven  so  effective  that  an 
ordinary  receiving  set  can  be  used  for  receiving  signals  from 
such  distances  as  the  Pacific  coast  (2,500  miles  or  4,000  km.) 
without  any  appreciable  interference  from  continuous  wave 
radiation  from  the  main  antenna  of  20  amperes  and  10,000  volts. 

*Two  methods  of  neutralization  have  been  used:  inductive 
neutralization  and  static  (capacitive)  neutralization.  While 
both    methods    have    been    used    successfully,    the    capacitive 
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neutralization  is  much  preferable  both  on  account  of  accuracy 
of  adjustment  and  simplicity.  A  diagram  of  inductive  neutraliza- 
tion is  shown  on  Figure  2.  The  transformer  T  is  used  to  create 
a  potential  of  opposite  phase  to  the  potential  of  the  sending 
antenna.  The  negative  potential  thus  created  is  transferred  to 
the  receiving  antenna  thru  the  exposure   condenser  E.     The 
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*^ Figure  2 — System  of  Duplex  Radiotelephony  with 
Inductive  Neutralization 


M — Magnetic  Amplifier 
A — Alternator 
T — Neutralization  Transformer 


E — Exposure  Condenser 
F — Frequency  Trap 
D — Detector 


negative  potential  thus  impressed  upon  the  receiving  antenna 
thru  the  transformer  and  the  exposure  condenser  is  adjusted  so 
as  to  counterbalance  exactly  the  direct  exposure  from  antenna 
to  antenna,  thus  leaving  the  receiving  antenna  at  ground  po- 
tential. The  phase  relation  of  the  transformer  is,  however, 
not  exactly  180^,  and  a  residual  potential  is  left  on  the  receiving 
antenna  which  is  sufficient  in  most  cases  to  interfere  with  recep- 
tion unless  further  precautions  are  taken.  If,  however,  a 
frequency  trap  F  is  introduced  the  neutralization  becomes  good 
enough  so  that  an  ordinary  receiving  set  can  be  used. 

The  arrangement  shown  on  Figure  2  was  used  to  demon- 
strate" duplex  radio  telephone  conversation  between  Pittsfield 
and  Schenectad}-  (50  miles  or  80  km.) 
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The  Bridge  Receiver 
'  The  sj-stem  of  capacitive  neutralization  is  shown  diagram- 
maticalh'  on  Figure  3.  The  receiving  antenna,  ^4c,  is  connected 
thru  a  shielded  primary  loading  coil,  T2,  to  a  counterpoise  con- 
denser, Cs-  This  loading  coil  is  coupled  aperiodically  to  the 
secondary  of  a  receiving  set  of  any  ordinary  t^^pe.  The  counter- 
poise condenser  is  connected  thru  the  exposure  condensers  Ci 
and  C2  to  the  sending  antenna. 

The  function  of  the  capacitive  neutralization  can  be  best 
explained  by  showing  the  diagram  as  a  Wheatstone  bridge  as  in 
Figure  4.  The  exposure  condensers  and  the  counterpoise  con- 
densers form  an  artificial  circuit  duplicating  the  potential  drops 
between  the  sending  antenna,  the  receiving  antenna,  and  ground. 
By  adjusting  the  exposure  condenser  two  equipotential  points 
are  found  between  which  the  receiving  set  is  connected  in  a 
manner  analogous  to  the  Wheatstone  bridge,  hence  the  name 
"Bridge  Receiver." 


Figure  3 — System  of  Duplex  Radiotelephony  with  Bridge 
Receiver  (Capacitive  Neutralization) 


*The  neutralization  by  this  method  is  so  sharp  that  the 
influence  of  the  two  antennas  on  each  other  is  reduced 
much  below  other  sources  of  disturbance.  The  principal 
remaining  disturbances  caused  by  the  transmitting  system  are 
the  magnetic  straj-s  within  the  building.  In  so  far  as  these 
strays  are  in  phase  with  the  antenna  radiation,  thej'  are  auto- 
matically taken  care  of  in  neutralizing  the  antennas.  When 
neutralization  is  made  for  minimum  disturbance,  the  neutrali- 
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zation  effect  is  adjusted  so  as  to  compensate  the  sum  of  the 
outdoor  and  indoor  radiation.  However,  in  so  far  as  the  in- 
door strays  are  out  of  phase  with  the  capacitive  neutrahzation, 
a  residual  effect  remains  that  must  be  taken  care  of  by  other 
means  if  it  is  objectionable.  The  local  magnetic  strays  cause 
disturbance  principallj^  by  interlinking  with  the  secondary  load- 
ing coil  of  the  receiving  set.  Evidence  of  this  was  found  in  the 
fact   that    the   primary   neutralization    cannot   be   appreciably 
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*  Figure  4- 


-System  of  Duplex  Radiotelephony  with 
Capacitive  Neutralization 


improved  upon  by  the  use  of  a  frequency  trap.  It  has  further- 
more been  shown  that  the  local  strays  can  be  effectively  neu- 
tralized by  intercepting  the  strays  on  a  moderate  sized  wire 
loop  in  the  neighborhood  of  the  receiving  set  and  impressing  the 
potential  so  generated  on  a  little  coil  mounted  with  an  adjustable 
coupling  close  to  the  secondarv  loading  coil  of  the  receiving  set. 
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Figure  3  shows  how  the  final  neutralization  is  accomplished 
in  a  more  exact  way  by  a  phase  rotator.  P,  coupled  to  the  trans- 
mitting set. 

Figure  5  shows  some  simple  types  of  antennas  that  may  be 
proposed  for  duplex  work.  The  combination  of  horizontal  and 
umbrella  is  the  arrangement  used  for  the  tests  described. 


*FiGURE  5— Antenna  Systems  for  Duplex  Radiotelcpliony 


Figure  6  is  a  photograph  of  a  bridge  receiving  set,  consisting 
of  three  units.  The  bridge  coupler  shown  on  the  left  is  the 
shielded  primary  tuner  shown  as  T^  in  Figure  3.  The  receiving 
set  shown  at  the  right  of  the  bridge  coupler  in  Figure  6  is  an 
ordinary  type  of  regenerative  receiver.  The  primary  of  the 
receiving  set  is  not  tuned,  but  is  adjusted  to  serve  as  part  of 
an  aperiodic  coupling  between  the  tuned  primary  of  the  bridge 
coupler  and  the  tuned  secondary  of  the  receiving  set.     On  the 
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right  of  the  receiving  set  is  the  photron  detector  unit.  The 
three  units  shown  in  the  photograph  are  separate  and  ma}'  be 
used  in  different  comV)inations  if  desired. 


Figure  6 — Bridge  Receiving  Set  for  Duplex  Radio  Telegraphy 

TuE  Barrage  Receiver 

The  barrage  receiver  is  fundamentally  a  uni-directional 
receiver.  The  principle  of  uni-directional  reception  was  first 
developed  by  Bellini  and  Tosi.  While  the  uni-directional  Bellini- 
Tosi  receiver  has  been  used  as  a  direction  finder,  it  has,  to  the 
knowledge  of  the  author,  not  been  used  to  any  extent  for  recep- 
tion of  long  distance  signals.  The  Bellini-Tosi  receiver  is  based 
on  the  principle  of  receiving  the  signal  thru  two  antennas  of 
different  characteristics  and  neutralizes  the  signals  received 
from  one  direction  by  a  system  of  balancing.  The  principle 
followed  by  the  author  in  devising  the  barrage  receiver  was — ■ 

(1)  That  the  antennas  or  energy  collectors  should  be 
aperiodic,  because  the  balance  of  two  tuned  circuits  is  fundamen- 
tally v^ery  delicate  and  difficult  to  adjust  for  a  perfect  balance. 

(2)  That  the  balancing  should  consist  in  neutralizing  the 
electromotive  forces  in  the  aperiodic  antennas  before  those  elec- 
tromotive forces  have  had  a  chance  to  create  oscillating  cur- 
rents.    The  phase  shifting  device  should  therefore  be  aperiodic. 

(3)  The  two  or  more  antennas  should  be  of  the  same  char- 
acter; in  other  words,  it  is  preferable  to  balance  a  magnetic 
exposure  against  another  magnetic  exposure  rather  than  against 
an  electrostatic  exposure. 

The  uni-directional  Bellini-Tosi  receiver  works  on  the  prin- 
ciple that  the  electromagnetic  and  electrostatic  exposures  are 
90°  out  of  phase.     The  barrage  receiver  takes  advantage  of 


the  geographic  phase  displacement  in  the  wave  as  it  travels  over 
the  surface  of  the  earth.  In  the  first  barrage  receivers  which 
have  been  installed,  the  antennas  consist  of  two  insulated  wires 
laid  on  the  ground  a  distance  of  two  miles  (3.2  km.)  in  each 
direction  from  the  receiving  station.  It  was  originally  intended 
by  the  author  to  mount  the  wires  on  poles,  but  the  easier  pro- 
cedure of  laying  the  wires  on  the  ground  was  adopted  at  the  sug- 
gestion of  Lieutenant-Commander  A.  Hoyt  Taylor,  and  the 
arrangement  has  proven  entirely  satisfactory.  The  barrage 
receiving  set,  photographs  of  which  are  shown  in  Figures  7  and 
8,  consists  of  a  standard  receiving  set,  combined  with  a  phase 
rotator  set.     Figure  8  shows  the  receiving  set  proper  lifted  out 


Figure  7 — liadio  Kccoiviu^  Set.  with  Barrage  Section 
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of  the  box.  This  part  of  the  set  is  arranged  so  that  it  can  be 
used  as  an  ordinary-  receiving  set.  When  used  as  a  barrage 
receiver,  a  condenser  is  used  in  place  of  the  antenna  and  the  set 
is  coupled  to  the  aperiodic  antenna  by  the  phase  rotator  set. 


Figure  8 — Radio  Barrage  Receiving  Set 


The  diagram  of  the  phase  rotator  set  is  shown  on  Figure  9. 
Each  antenna  is  connected  to  ground  thru  an  intensity  coupler, 
the  secondaries  of  the  intensity  couplers  are  connected  to  the 
primary  of  the  phase  rotators.  Each  phase  rotator  is  built  on 
the  principle  of  a  split  phase  induction  motor  or  induction  reg- 
ulator. A  single  phase  current  introduced  in  the  primar}^  is 
split  into  a  quarter-phase  current  which  produces  the  equivalent 
of  a  rotating  magnetic  field  inductively  related  to  the  secondary. 
By  adjusting  the  position  of  the  secondary'  coil,  the  electromotive 
force  induced  in  it  may  be  made  to  assume  any  desired  phase 
relation  to  the  primary  voltage.  The  receiving  set  proper  when 
used  with  the  barrage  receiver  has  all  the  normal  characteristics 
of  a  standard  receiving  set.  A  signal  originating  in  any  direc- 
tion whatever  may  be  neutralized  by  adjustment  of  the  intensity 
couplers  and  phase  rotators.     This  adjustment  is  very  easy  to 


perform,  even  by  an  inexperienced  operator,  and  is  perfectly 
stable  after  it  has  been  made. 

An  experimental  barrage  receiving  set  was  operated  for 
several  months  of  the  summer  and  fall  of  1918,  about  three 
miles  from  the  New  Brunswick,  New  Jersey,  radio  station. 
Records  were  kept  on  the  reception  of  European  stations  during 
the  operation  of  the  New  Brunswick  station.     As  the  New  Bruns- 
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Figure  9 — Antennas  and  Receiver  of  Radio  Barrage  Set 


wick  wave  is  13,600  meters  and  the  Carnarvon,  Wales,  wave  is 
14,200  meters,  the  reception  of  Carnarvon  was  the  hardest  test 
to  which  the  set  could  be  put.  It  was  found  that  in  spite  of  the 
overwhelming  intensity  of  the  New  Brunswick  signals  on  an 
unbalanced  receiver,  the  barrage  receiver  could  be  adjusted  so 
that  the  transmitted  wave  not  only  did  not  interfere  with  the 
Carnarvon  signals,  but  the  New  Brunswick  signals  could  be  made 
entirely  inaudible.  During  these  tests  it  was  found  that  the 
directive  characteristics  of  the  barrage  receiver  was  a  material 
help  in  reduction  of  interference  by  static  and  strap's,  as  it  was 
found  very  frequently  that  solid  copy  could  be  obtained  by  proper 
directive  adjustment,  while  the  signals  were  practically  unread- 
able with  ordinary  methods.  Statistics  of  this  will  be  presented 
in  some  later  paper  as  the  barrage  receiver  was  not  originally 
designed  for  stray  elimination.  The  improvement  of  reception 
of  signals  by  the  use  of  the  barrage  receiver  depends  upon  the 
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highly  cUrective  qiiahties  of  this  receiving  system.  For  comparison 
with  other  methods  of  directive  reception,  a  tabulation  of  direct- 
iveness  is  given.  In  this  comparison  the  symmetrical  elevated 
antenna  which  receives  eciiially  from  all  directions  is  designated 
at  100  per  cent.  The  percentages  of  directivity  are  calculated 
from  the  areas  of  the  corresponding  horizontal  plane  intensity 
diagrams  shown  in  Figure  10.  If  the  directivity  represented  by 
the  intensity  diagrams  can  be  taken  as  relative  measure  of  the 
average  stray-to-signal  ratio,  we  find  that  the  magnetic  loop 
should  have  50  per  cent  as  much  strays  as  the  elevated  antenna, 


Figure  10 — Directional  Characteristics  of  Various  Receivers 
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the  differential  horizontal  antenna  (Sayville,  Long  Island), 
probably  about  the  same  as  the  magnetic  loop,  and  the  barrage 
receiver  22  per  cent.  Statistics  of  reception  indicate  that  these 
figures  are  reasonably  in  agreement  with  facts,  when  the  strays 
are  evenly  distributed.  When  the  strays  are  directive  the  im- 
provement is  much  greater. 

A  rather  surprising  characteristic  was  discovered  bj'  the  use 
of  the  barrage  receiver.  It  was  expected  that  this  receiver  could 
be  used  to  neutralize  signals  from  all  directions  except  the  di- 
rection close  to  the  signal  to  be  received.  As  a  matter  of  fact 
it  was  found  that  interference  could  be  neutralized,  originating 
in  the  same  direction  as  the  signal.  This  was  first  discovered 
in  the  New  Brunswick  installation.  Signals  from  San  Diego, 
California,  right  in  line  with  the  transmitting  station  could  be 
received  without  great  reduction  in  intensity,  while  the  set  was 
adjusted  so  as  to  neutralize  the  transmitting  station.  The 
explanation  for  this  is  the  fact  that  in  the  case  of  the  nearby 
station,  the  wave  front  is  curved  and  the  radiation  diverging, 
whereas  in  the  case  of  the  far-away  station  the  radiation  is 
parallel.  The  receiving  antenna  covers  a  space  of  four  miles 
(6.4  km.),  and  in  this  space  there  is  sufficient  divergence  of  the 
radiation  from  the  nearby  station  so  that  an  adjustment  can  be 
made  whereby  the  diverging  and  parallel  radiation  have  different 
effect  upon  the  receiving  set.  The  phenomenon  is  comparable 
to  the  focussing  of  a  field  glass  on  nearby  and  distant  objects. 
In  this  case  we  have  a  radio  field  glass  of  four  miles  (6.4  km.)  in 
diameter;  and,  for  such  dimensions,  the  focussing  effect  is  suffi- 
cient, even  at  considerable  distances,  to  produce  an  effective 
discrimination. 

While  the  barrage  receiver  was  worked  out  primarily  to 
avoid  interference  in  transoceanic  communication,  it  may  be 
found  useful  also  for  the  purposes  for  which  the  bridge  receiver 
was  developed,  that  is,  simultaneous  sending  and  receiving  from 
small  shore  stations  or  ship  stations.  In  such  cases,  it  has  the 
advantage  over  the  bridge  receiver  that  it  can  be  used  not  only 
to  neutralize  the  transmitting  station  to  which  it  belongs,  but 
can  neutralize  interference  from  any  other  ship  or  shore  station. 
By  the  use  of  a  double  set  of  phase  rotators,  the  barrage  receiver 
may  be  used  to  neutralize  two  stations  in  different  directions 
simultaneously,  and  this  principle  may  be  carried  still  further  if 
desired.  It  is  thus  hoped  that  this  development  will  open  up 
new  possibilities  in  dealing  with  a  problem  which  is  perhaps  the 
most  important  in  the  immediate  future,  that  is,  to  meet  the 
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demands  on  the  radio  technique  for  a  rapidly  increasing  number 
of  systems  of  communication. 

January  25,  1919. 

SUMMARY:  A  system  of  simultaneous  reception  and  transmission  for  radio 
telephony  is  described,  together  with  the  reasons  for  its  use.  It  involves 
transferring  the  received  speech  (from  a  separate  receiving  antenna  at  some 
distance  from  the  transmitting  antenna)  to  the  subscriber's  line,  and  trans- 
ferring speech  originating  at  the  subscriber's  station  to  the  radiophone  trans- 
mitter. 

Another  type  of  duplex  radio  communication  is  considered,  this  being 
based  on  nearby  receiving  and  transmitting  antennas  so  arranged  with  their 
associated  apparatus  that  the  receiver  and  transmitter  are  in  conjugate 
branches  of  a  Wheatstone  bridge.  The  wiring  of  the  bridge  receiver  is  given 
and  the  apparatus  shown. 

A  so-called  "barrage  receiver"  is  then  described.  This  is  a  highly  di- 
rectional combination  of  aperiodic  antennas,  with  unilateral  directional  char- 
acteristic. When  two  aperiodic  antennas  are  used,  the  phase  difference  of 
the  received  currents  produced  in  them  depends  on  the  direction  of  the  in- 
coming signals.  By  phase  shifting  devices  and  differential  coupling  to  a 
common  receiver,  the  signals  from  any  given  direction  can  be  balanced  out. 
The  wiring  and  apparatus  and  its  functioning  are  described. 
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DISCUSSION 

William  H.  Priess:  The  ingenious  conception  of  static  balance 
of  transmitting  and  receiving  antennas  by  Mr.  Alexanderson,  and 
his  disclosure  of  this  invention  to  the  Navy  Department  in  the 
earl}^  period  of  the  War,  was  responsible  for  the  instigation  of  a 
general  research  at  the  Washington  Navy  Yard  along  the  general 
lines  of  balancing  signal  interference.  Mr.  Israel  has  covered 
many  of  the  systems  that  were  tested.  I  shall  attempt  to  cover 
some  of  the  general  features  of  the  different  systems. 

At  an  early  stage  in  the  progress  of  the  research  it  was  noted, 
in  some  cases,  that  an  absorption  of  the  received  signal  occurred 
when  the  transmitting  antenna  was  connected  to  the  receiving 
antenna  thru  the  balancing  system.  An  attempt  was  made  to 
determine  the  magnitude  of  this  absorption.  Reference  will  be 
made  to  the  characteristics  of  five  tj^pical  sj'stems.  (Figure  1 
to  Figure  5  inclusive.)  The  method  for  determining  the  absorp- 
tion, due  to  the  balance  system,  was  by  measuring  the  change  in 
audibility  of  received  signal  following  the  change  from  a  simple 
receiving  system  to  the  balance  s^-stem,  in  a  constant  signal  sent 
for  this  purpose  from  a  distant  quenched  spark  transmitter, 
The  audibility  was  first  checked  with  the  transmitting  antenna 
disconnected.  The  transmitting  antenna  was  then  connected 
and  the  best  balance  obtained.  The  transmitter  was  shut  down 
and,  with  the  balance  undisturbed,  a  second  audibility  reading 
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was  taken.  It  was  found  that  the  systems  shown  in  Figure  1 
and  Figure  2,  as  well  as  a  system  combining  both  Figure  1  and 
Figure  2  (Figure  1,  inserting  a  coil  in  series  with  the  lead  C  H  and 
coupling  it  with  coil  J),  absorbed  about  two-thirds  of  the  received 
signal.  Systems  3,  4,  and  5,  as  well  as  their  combinations, 
showed  no  appreciable  signal  absorption,  that  is  to  say,  showed 
absorptions  less  than  10  per  cent.  It  was  expected  that  System 
2  and  System  3  would  suffer  equal  absorptions.     The  time  al- 


FiGURE  2 — New  York  Navy  Yard  Magnetic  Balance 


lotted  to  the  problem  was  insufficient  for  thoroly  investigating 
the  difference.  However,  it  was  found  that  coil  B,  Figure  3,  was 
opposite  in  sense  to  coil  B,  Figure  2,  for  balance  of  the  two  sys- 
tems. These  tests  were  made  with  the  local  transmitter  at  1,800 
meters  and  the  distant  transmitter  at  750  meters. 

The  detuning  of  the  transmitter  due  to  the  balance  system 
is  an  important  factor.  System  1  caused  the  greatest  detuning 
and  required  a  process  of  a  series  of  approximate  adjustments 
between  transmitter,  receiver,  and  balancing  condensers,  that 
proved  very  tedious,  rendering  a  wave  changer  impracticable. 
Systems  2  and  3  were  open  to  the  same  objection  to  a  lesser  de- 
gree. In  Systems  4  and  5,  this  factor  did  not  enter.  Combina- 
tions of  Systems  4  and  5  and  uncoupled  infinite  impedance  cir- 
cuit (inserted  for  example  in  lead  AE  oi  Figure  4),  were  also 
free  from  appreciable  reaction  on  the  transmitter. 
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It  was  both  interesting  and  annoying  to  note  that  minimum 
resitUial  noise  in  the  telephones  and  minimum  current  in  the 
balanced  receiving  antennas  were  not  in  correspondence.     With 
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Figure  3 — Infinite  Impedance  Circuit 

10  amperes  in  the  transmitting  antenna  at  1,800  meters,  and  with 
the  receiver  at  750  meters;  in  the  first  system  minimum  inter- 
ference occurred  with  160  milli-amperes  in  the  receiving  antenna, 


Figure  4 — Zero  Impedance  Circuit 
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altho  the  receiving  antenna  could  be  balanced  to  8  milli-amperes. 
In  the  second  system,  minimum  interference  occurred  with  100 
milli-amperes  in  the  receiving  antenna.  In  this  case,  the  receiv- 
ing antenna  could  be  balanced,  as  the  previous  one,  to  8  milli- 
amperes.  System  5  gave  practically  a  complete  balance  at  the 
telephones,  altho  600  milli-amperes  were  present  in  the  receiving 
antenna. 

Aleasurements  were  made  to  determine  the  percentage  dif- 
ference in  wave  length  at  which  the  systems  were  operable  from 
a  practical  viewpoint.  In  the  particular  case  of  both  the  receiver 
and  transmitter  in  the  same  room,  and  both  the  local  and  distant 
transmitters  of  the  quenched  spark  type,  with  the  local  trans- 
mitter of  the  longer  wave  length;  this  limit  is  at  about  50  per  cent, 
of  the  transmitter  wave  lengths.  The  detector  balance  system 
(Figure  5)  proved  to  be  the  best  combination  in  this  respect. 
It  requires  a  special  receiver  primary  design  to  handle  the  high 
currents  and  potentials  developed.     I  made  a  set  of  comparative 


Figure  .5 — Detector  Balance  Circuit 


measurements  in  an  attempt  to  reach  the  respective  limits  of 
Systems  1  and  5.  The  antenna  systems  are  shown  in  Figure  6. 
The  local  transmitter   was   a    o-kilowatt,   500-cycle,   quenched 
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spark  set  operating  at  1,820  meters.  The  local  transmitter 
wave  length  was  maintained  a  constant  thruout  the  test.  The 
distant  transmitter  was  likewise  a  500-cycle  quenched  spark 
set  and  was  variable  in  both  power  and  wave  length.     Each  set 


Figure  6 


of  readings  was  made  with  the  wave  length  of  the  distant  trans- 
mitter constant,  varying  the  powers  of  both  sets  to  the  hmits  of 
the  systems.  One  set  of  readings  made  with  the  distant  trans- 
mitter at  700  meters,  from  my  notes  of  June  21,  1917,  is  the 
following : 

System  1 
Local  transmitter  antenna  current      7.0  amperes 
Local  transmitter  transformer  input     O.S  K\V. 
Distant  transmitter  antenna  current  10  amperes 
Primary  receiver  current  at  balance  L50  milli-amperes 


Primary  receiver  potential 
Residual  noise  in  telephones 
Operators  at  receiver 


Quality  of  received  signal 


Approx.  10,000  volts 

Great 

yi.  Kennev,  Chief 

Elec.  It;S.  N. 
J.  McDonald,  Chief 

Elec.  U.  S.  N. 
Barely  readable  thru 

interference. 


System  5 
18. .5  amperes 

.5  KW. 

■4  amperes 

0.7S  amperes 
Approx.  1,000  volt.- 
Small 

Wiseman,  Elec. 
1st  Class,  U.  S.  X. 
Wolf.  Elec. 
1st  Class.  U.  S.  X. 
\('rv  "i'lod. 


In  this  test,  in  System  1,  the  whole  primary  of  the  receiver 
was  at  from  10,000  volts  to  15,000  volts  above  the  ground,  render- 
ing receiver  adjustment  very  difficult.  This  is  aiiiiarent  from 
a  consideration  of  Figures  1  and  6.  The  potential  of  the  receiving 
antenna  due  to  the  transmitter  maj^  be  represented  by  some 
point  on  coil  J,  Figure  1.  Since  the  coupling  between  the  an- 
tennas is  high,  this  point  is  shifted  towards  the  antenna  end  of 
coil  J  with  a  consequent  raising  of  the  potential  of  the  whole 
primary  of  the  receiver   iCHLM)   above  the  ground.     In  the 

383 


particular  antenna  combination  shown  in  Figure  6,  the  capacity 
of  the  AB  condenser  combination  (Figure  1)  was  }4  the  capacit}' 
of  condenser  D  (Figure  1). 

The  current  and  potential  design  of  the  receiver  circuits 
are  obvious  from  a  consideration  of  Figures  1-5.  However, 
several  general  features  may  be  mentioned.  In  both  the  infi- 
nite impedance  and  zero  impedance  combinations  it  was  found 
that  the  important  condition  for  minimum  residual  noise  in  the 
telephones  was  to  make  the  decrements  of  these  circuits  approxi- 
mately equal  to  the  decrement  of  the  transmitter.  Extremely 
high  capacity  and  associated  low  inductance  circuits  are  to  be 
avoided.  Extremely  high  capacities  are  necessarily  only  step- 
wise variable.  Therefore,  a  continuously  variable,  extremely 
small  inductance  would  also  have  to  be  used.  The  brush  contact 
resistance  in  a  continuously  variable  inductance  may  introduce 
a  very  troublesome  factor  in  raising  the  resulting  uncontrollable 
decrement  of  the  combination  above  allowable  limits.  The  cir- 
cuits should  be  designed  so  that  a  small  amount  of  controlling 
resistance  is  permissible.  It  should  be  noted  that  in  System  4, 
variations  of  resistance  C  between  2  and  100  ohms  caused  no 
change  in  the  current  in  the  zero  impedance  circuit. 

The  detector  l)alance  system  requires  one  variable  for  control, 
namely,  coupling  between  transmitting  antenna  and  secondary 
of  the  receiver.  The  coupling  between  the  primary  and  second- 
•arj'  of  the  receiver  should  be  pure  electromagnetic  and  fixed  at 
a  value  that  gives  maximum  audibility  with  the  simple  receiver. 
It  is  obvious  that  if  this  coupling  is  varied,  a  variation  of  the 
transmitter-detector  balance  will  be  reciuired  to  compensate  for 
the  change.  An  example  of  satisfactorj-  coupling  coils  AB, 
Figure  5,  used  in  the  research  are: 

.4-4  turns,  3.5  inches  (8.89  cm.)  diameter 

B-9  turns,  3.5  inches  (8.89  cm.) 

Coils  coaxial  and  separated  approximately  3  inches  (7.02  cm.) 
These  coils  were  adequate  for  receiving  wave  lengths  up  to  1,000 
meters  when  transmitting  on  1,820  meters. 

The  final  point  I  wish  to  make  is  the  geographical  natures  of 
the  systems.  The  receivers  of  Systems  1,  2,  3,  and  5  must  be 
located  near  the  transmitter  as  they  operate  on  the  balance 
principle.  System  4  may  be  remote  as  it  operates  on  the  filter 
principle.  Zero  impedance  or  infinite  impedance  circuits,  either 
single  or  in  combination,  furnish  the  most  interesting  field  as  their 
solutions  are  in  the  line  of  general  solutions  for  all  cases  of  sim- 
ultaneous whether  remote  or  local. 
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]\Ir.  Alexanderson's  second  paper  on  the  "Barrage  Receiver" 
is  of  unusual  interest  in  its  vivid  depiction  of  the  flexible  control 
of  radio  frequency'  phase  relations.  Looking  over  some  patents 
of  an  earl}'  date,  I  found  the  following  combination  of  tuned 
magnetic  receiving  loop  with  central  point  grounded.  The  in- 
teresting portion  is  circuit  C  for  adjusting  the  phase  of  the  elec- 
trostatic component  of  the  wave  impressed  on  the  grounded  an- 
tenna AD,  so  that  both  the  electrostatic  component  of  the  wave 
impressed  on  it  and  the  electromagnetic  component  impressed 
on  the  magnetic  loop  A,  are  added  together  in  the  desired  com- 
mon receiving  circuit  F.  This  work  was  done  in  1907  and  is  the 
earliest  public  mention  I  can  find  on  deliberate  phase  adjust- 
ment in  radio  frequency-  circuits.  It  has  apparently  not  received 
the  general  attention  of  radio  engineers  for  a  number  of  years. 
This  matter  of  phase  adjustment  is  interesting  in  view  of  the 
papers  delivered  by  Mr,  Weagant  and  Mr.  Alexanderson  and  is 
merely  offered  as  a  suggestion. 

John  V.  L.  Hogan:  Whose  patent  was  that,  do  you  re- 
member? 

William  H.  Priess;   Mr.  Pickard's  patent  of  1908  (876,996). 

Another  interesting  point  in  connection  with  the  balancing 
of  interference  may  be  made,  namely,  the  ])alancing  of  static 
interference.  The  ratio  of  signal  to  static  intensity  on  a  magnetic 
loop  differs  from  the  ratio  of  signal  to  static  on  a  straight 
grounded  antenna.  The  circuit  pi'evioush'  shown  in  Figiu'e  7 
provides  a  system  of  static  balance  by  amplitude.  After 
adjusting  in  circuit  C  the  phase  of  the  electrostatic  component 
of  the  wave  received  on  the  grounded  antenna  DA,  so  that  it 
corresponds  with  the  phase  in  circuit  B  of  electromagnetic  com- 
ponent of  the  wave  received  on  the  loop  A,  the  two  components 
are  added  negatively  in  the  receiver  circuit  F.  B3'  varying  the 
coupling  between  circuits  C  and  F  with  respect  to  the  coupling 
between  circuits  B  and  F,  to  the  point  where  the  emf.  due  to 
static  induced  across  circuit  F  by  circuit  C  is  equal  and  op- 
posite to  the  emf,  due  to  static  induced  across  circuit  F  by 
circuit  B,  the  total  emf,  due  to  static  in  the  detector  ciicuit  F 
becomes  zero.  However,  since  the  ratio  of  signal  to  static  is 
different  on  the  loop  from  what  it  is  on  the  grounded  antenna,  a 
residual  emf,  due  solely  to  the  signal  wave  remains  in  circuit  F. 
The  pure  signal  may  be  amplified  if  required  without  reaction 
on  the   system.     This  is  the   system   of   static   elimination    by 
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amplitude  balance.  The  apparatus,  including  antennas,  is  local 
and  can. be  used  on  a  ship.  Only  one  adjustment  is  necessary 
and  thatiisfthe  relative  couphngs  of  receiver  and  transfer  circuits, 
F,  B,  and  C. 


^K-ms^m^ 


Figure  7 


Lloyd  Espenschied :  I  should  hke  to  ask  j\Ir.  Alexanderson  if 
he>  has  available  any  engineering  data  on  the  balance  between  two 
closely  adjacent  antennas  which  it  is  possible  to  obtain  experi- 
mentally and  also  that  which  it  is  practicable  to  maintain  in 
service.  It  should  be  ol^served  that  the  two  general  principles 
involved  in  Mr.  Alexanderson's  work  whereby  it  is  possible  to 
exclude  the  interference  from  the  home  sending  station  are  those 
of  selectivit}'  involving  a  difference  in  frequency  between  the 
sending  and  receiving  transmissions,  and  of  directivity  permit- 
ting of  balance.  It  would  be  helpful  were  it  possible  for  Mr. 
Alexanderson  to  evaluate  the  individual  effects  of  these  two 
methods  in  separating  the  undesired  from  the  desired  transmis- 
sion; that  is,  to  what  extent  and  under  what  conditions  may 
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balance  be  relied  upon  and  to  what  extent  must  balance  be  sup- 
plemented by  selectivity  Quantitative  data  of  this  kind  must 
be  had,  of  course,  before;  duplex  radio  can  be  adequately  engi- 
neered and  maintained  in  service. 

Two  types  of  balance  are  illustrated  by  Mr.  Alexanderson, 
one  in  which  the  balance  is  effected  between  the  real  antenna  and 
a  dummy  or  artificial  antenna,  and  the  other  in  which  balance  is  as 
between  two  real  antennas.  We  should  expect  the  maintenance 
of  a  balance  by  means  of  an  artificial  antenna  to  be  attended  by 
some  difficulty  because  of  changes  in  the  antenna  constants 
caused  by  varying  weather  conditions.  In  this  respect,  the  con- 
stancy of  balance  should  be  better  for  the  system  employing  in 
effect  two  conjugate  real  antennas,  considering  the  loop  antenna 
as  a  form  of  the  latter  type. 

(After  Mr.  Alexanderson's  answer) :  It  appears  then  that  the 
balance  as  measured  by  current  ratio  is  of  the  order  of  a  million. 
It  is  of  interest  to  note  that  even  allowing  for  the  fact  that  this 
result  is  obtained  by  refined  experimentation,  it  seems  to  be 
much  better  than  the  balance  which  obtains  in  ordinary  duplex 
operation  over  land  lines.  We  should,  of  course,  expect  to  be 
able  to  obtain  a  higher  degree  of  balance  in  employing  a  locahzed 
structure  such  as  an  antenna  than  is  possible  under  the  condi- 
tions of  wire  transmission  where  the  line  extends  over  consider- 
able territory. 

Lieutenant  M.  W.  Arps:  1.  I  notice  in  the  descriptions  of 
experiments  made,  that  Mr.  Alexanderson  states  that  the  an- 
tennas are  two  miles  (3.2  km.)  long.  Of  course,  that  is  imprac- 
tical on  ship  work.  Antennas  250  feet  (80  m.)  in  each  direction 
are  what  we  have  on  board  ship  and  what  we  do  work  on. 

2.  Regarding  the  latter  type  of  barrage  receiver,  with  the 
experience  that  the  ordinary  operator  has,  it  is  hard  to  have  him 
tune  two  circuits.  I  should  like  to  know  whether  the  barrage 
type  of  receiver  is  developed  to  such  a  point  where  you  could 
have  it  on  board  ship  and  have  the  ordinary  operator  obtain 
good  results. 

C.  L.  Farrand:  I  am  exceedingly  interested  in  the  paper  Mr. 
Alexanderson  has  delivered  this  evening.  The  problem  of  sim- 
ultaneous transmission  and  reception  and  the  problem  of  the 
barrage  receiver  are  very  similar.  The  latter  is  better  known  to 
me  than  the  first.  The  general  problem  involved  is  producing 
a  receiving  system  that  is  responsive  to  the  desired  signal  and 
unresponsive  to  the  undesired  signal  d.y  differentiating  between 
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peculiar  characteristics  of  each.  The  desired  signal  is  in  all 
cases  that  of  the  distant  transmitter.  The  undesired  signal  may- 
be from  the  associated  transmitter,  which  may  be  very  immediate, 
or  at  a  reasonable  distance,  an  interfering  station,  static  or 
combination  of  these  three. 

Mr.  Alexanderson  has  shown  us  how  successfully  a  system 
of  this  nature  can  be  operated,  even  when  the  interfering  station 
was  on  exactly  the  same  wave  length  and  in  the  line  of  direction 
of  the  distant  station.  In  the  previous  discussion,  there  are  men- 
tioned early  trials  endeavoring  simultaneously  to  transmit  and 
receive,  and  which  have  been  accompanied  by  success  of  greater 
or  less  degree.  The  earliest  date  of'^-heir  experiments,  I  believe, 
was  in  1914.  A  very  early  work  along  these  lines  was  done  by 
Sir  Oliver  Lodge  who,  in  1898,  took  out  patents  in  this  country 
as  indicated  in  the  following  sketch  (see  Figure  1),  wherein  he 
shows  two  rectilinear  antennas  tuned  by  means  of  condensers  and 
inductances.     Unfortunately,  altho  he  describes  the  use  of  the 
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system  for  reception,  he  does  not  show  the  mode  of  connection, 
and  leaves  it  to  one's  imagination  that  the  spark  gaps  will  be 
replaced  by  coherers.  So  it  may  be  considered  as  stretching  the 
point  to  consider  that  his  disclosure  was  suitable  for  interference 
prevention.  However,  an  American  inventor,  very  well  known 
to  the  Institute,  Mr.  John  Stone  Stone,  in  1901  indicated  that 
he  had  a  very  clear  conception  of  the  problem  by  the  disclosure 
in  his  American  patent  of  a  system  for  simultaneous  transmission 
and  reception,  somewhat  as  indicated  in  the  sketch  (see  Figure  2). 
Three  antennas  are  shown  erected  in  the  direction  of  propagation 
of  the  signal  and  spaced  preferably,  the  specification  says,  a  total 
half  wave  length.  The  central  antenna  is  used  for  transmitting, 
and  is  spaced  a  quarter  wave  length  from  the  adjacent  receiving 
antenna.  The  receiving  antenna  is  coupled  to  a  common  re- 
ceiver, and  in  combination  is  responsive  to  the  distant  trans- 
mitter and  unresponsive  to  the  associated  ti'ansmitter. 
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Balancing  antennas  have  been  used  extensively  for  different 
purposes.  The  Marconi  trans-Atlantic  stations  have  used  bal- 
ancing antenna  for  simultaneous  transmission  and  reception, 
or  "duplexing,"  as  it  is  termed.  The  system  consisted  of  a  long 
horizontal  antenna,  in  the  direction  of  reception,  usually  a  single 
wire  several  hundred  feet  (about  100  m.)  high  and  of  relatively 
greater  length,  for  the  main  receiving  antenna.     The  balancing 
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antenna  was  placed  at  rigiit  angles  to  the  receiving  antenna,  and 
principally  receptive  from  the  associated  transmitter,  and  usually 
consisted  of  a  single  wire  less  than  a  hundred  feet  (30  m.)  high 
and  of  length  equal  to  the  receiving  antenna,  approximately. 
The  object  was  to  balance  out  the  signal  of  the  associated  trans- 
mitter. It  was  considered  that  the  low  balancing  antenna  would 
receive  the  signal  of  that  transmitter  in  greater  ratio  to  the  signal 
of  the  distant  transmitter,  than  the  main  receiving  antenna.  It 
is  rather  difficult  now  to  realize  that  these  efforts  along  the  line 
of  duplexing  did  not  accomphsh  static  reduction,  ])ut  prol)al)ly 
it  can  be  accounted  for  by  static  reduction  not  being  the  objc^ct 
of  the  experiments,  the  dissimilarity  of  the  antenna,  the  relatively 
poor  phase  relations  existing  due  to  the  use  of  long  waves,  and 
the  small  separation  of  the  electrical  centers  of  the  antenna  which 
with  the  crystal  detectors  then  used  did  not  permit  of  jiropei' 
phasing,  as  sufficient  energy  could  not  then  be  extracted. 

Two  general  methods  of  attack  have  been  considered  in  the 
discussion  for  reducing  interference  from  signal  and  static,  first 
is  one  which  Mr.  Priess  has  mentioned,  and  to  which  I  have  de- 
voted considerable  attention,  dependent  ujion  the  inequality  ot 
the  ratios  of  the  amplitudes  of  static  to  signal  in  two  reciMving 


systems;  the  second  is  dependent  upon  the  inequahty  of  phase 
relation  of  static  to  signal  in  two  receiving  systems.  If  two  re- 
ceiving systems  could  be  constructed  which  would  receive  static 
and  signal  in  unequal  ratio,  a  very  positive  method  of  eliminating 
static  would  result.  It  seems  that  the  success  of  the  attempts  to 
reduce  interference  has  been  due  principally  to  the  unequal  phase 
relations,  rather  than  to  the  inequality  of  amplitude  ratios. 
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RADIO  TELEGRAPHY  IX  COMPETITION  WITH  WIRE 
TELEGRAPHY  IX  OVERLAXD  WORK* 

By 
RoBERT  Boyd  Black 

(Federal  Telegraph  CoMPAXi:  San  Francisco  California) 

Since  the  first  days  of  radio  telegraphy,  numerous  attempts 
have  been  made  by  the  radio  companies  to  handle  commercial 
business  in  competition  with  the  land  telegraph  and  cable 
companies.  When  there  has  been  aiw  effort  at  active  competition 
on  the  part  of  the  wire  companies,  these  attempts  have  invariably 
failed.  In  a  few  isolated  places  where  wire  service  was  im- 
practicable, radio  stations  have  been  in  operation  for  several 
years  and  have  given  a  suitable  return  on  the  original  investment. 
But  it  is  safe  to  say  that  until  the  introduction  of  the  present 
efficient  type  of  radio  duplexes,  competition  from  the  radio 
companies  w^as  not  looked  upon  seriously  by  the  wire  companies. 

Perhaps  if  the  failure  of  the  radio  companies  were  investigated 
it  would  be  found  to  be  chiefly  a  matter  of  lack  of  business 
planning.  Most  of  the  half-hearted  attempts  at  competition 
that  have  heretofore  been  made  by  the  radio  companies  in  this 
field  have  been  carried  out  with  an  absolute  disregard  of  expense 
of  operation.  Competition  to  be  successful  must  be  founded  on 
a  sound  economic  basis,  and  with  due  regard  to  the  operating 
expenses  in  comparison  with  those  of  other  companies  in  the 
same  field. 

Facilities  for  furnishing  reliable  and  efficient  service  at  a 
reasonable  cost  have  been  lacking  in  the  radio  field  in  the  past. 
Radio  stations,  for  the  most  part,  have  been  located  in  inacces- 
sible parts  of  the  cities  they  were  supposed  to  serve.  In  some 
cases,  they  have  been  several  miles  out  of  the  city,  which  neces- 
sitated the  relaying  of  messages  over  a  telegraph  or  telephone 
wire,  with  consequent  loss  of  time,  liability  to  error,  and  duplica- 
tion of  personnel. 

On  the  radio  circuit,  the  receiver  was  unable  to  "break" 
(i.  e.,    interrupt)    the    sender,    and    numerous    corrections    were 

*  Received  bv  the  Editor,  M:\v  1,  1917.  This  paper  was  written  i)rii)r  to 
April  1,  1917. 
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necessary,  caused  liy  unreliable  apparatus,  atmospheric  strays, 
interference,  and  other  causes.  When  the  sender  had  finished, 
it  was  necessary  some  times  for  the  receiver  practically  to 
skeletonize  some  messages  back  to  the  sending  station,  in  order 
to  secure  the  scattered  missing  words  from  his  copy.  This 
resulted  in  a  very  ragged  looking  copy  unfit  to  be  delivered 
directly  to  a  customer,  and  generally  necessitated  recopying- — a 
very  dangerous  practice  from  the  standpoint  of  accuracy.  More- 
over, because  of  the  fact  that  the  radio  operator  has  had  no 
means  of  knowing  when  he  was  being  called  b}^  another  station 
except  when  wearing  the  telephones,  he  has  been  under  the 
necessit}^  of  keeping  the  head  set  on  constantly  or  of  making 
"dates"  or  appointments  with  the  distant  stations.  Neither  of 
these  methods  has  proven  entirely  satisfactory  from  the  stand- 
point of  efficiency. 

The  constant  wearing  of  heavy,  tightly  fitting  head  telephone 
receivers  is  distinctly  detrimental  to  the  health  and  efficiency 
of  the  operator.  Besides  the  danger  of  ear  infection,  there  is 
also  the  liability  to  other  head  troubles  arising  from  the  constant 
pressure  and  strain  involved  in  this  method  of  reception.  Further- 
more, an  operator  wearing  head  receivers  is  limited  by  the 
length  of  his  telephone  cords  in  performing  the  other  necessary 
duties  of  a  telegraph  office.  These  duties,  in  a  small  office, 
would  include  waiting  on  customers,  supervising  delivery  of 
messages,  and  attending  to  the  telephone. 

Another  disadvantage  to  the  radio  companies  has  beer,  the 
lack  of  a  sufficient  number  of  feeder  stations  to  supply  the  main 
trunk  circuits.  The  leading  wire  companies  have  offices  in 
practically  every  town  and  village,  and  the  greater  portion  of  the 
traffic  which  is  handled  on  the  trunk  lines  between  the  larger 
cities  is  relayed  from  the  smaller  towns.  The  radio  companies 
have  usually  contented  themselves  with  the  establishment  of 
stations  in  some  of  the  larger  cities,  handling  only  the  business 
originating  at  those  points.  It  is  manifestly  impossible  for  one 
company  to  secure  all  the  business  originating  in  any  one  city 
where  there  are  other  companies  in  competition,  and  it  naturally 
follows  that  a  network  of  stations  should  be  operated  in  order 
to  keep  the  main  trunks  working  to  their  full  capacity. 

Lack  of  efficient  organization  and  thoro  training  of  emplo\-ees 
has,  in  some  cases,  proven  a  great  detriment  to  the  development 
of  radio  in  this  field.  Because  of  the  use  of  different  telegraph 
codes  by  the  wire  companies  and  the  radio  companies  in  the 
United  States,  a  number  of  expert  Morse  telegraphers,  who  taight 
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otherwise  have  been  available  for  radio  work,  have  remained  with 
the  wire  companies.  It  is  hard  to  train  men  in  a  new  code  in  a 
limited  time,  and  those  who  have  developed  into  good  tele- 
graphers were  usually  poor  electricians,  and  vice  versa.  There 
has  Vjeen  a  dearth  of  fast  Continental  code  circuits  in  the  United 
States  for  training  operators  in  high  speed  work. 

All  these  factors  have  combined  to  work  against  the  success 
of  radio  in  the  competitive  field;  and,  coupled  with  the  high 
cost  of  operation  under  these  conditions,  has  invariably  resulted 
in  the  elimination  of  the  radio  companies. 

With  the  recent  introduction  of  greatly  improved  apparatus 
for  both  sending  and  receiving,  it  wou'd  seem  that  radio  is  in  a 
fair  way  to  compete  with  wire  service  in  practically  every  depart- 
ment of  the  work,  including  the  handling  of  fast  press  service. 
The  ait  has  lately  advanced  to  a  stage  of  fine  tuning,  minimum 
interference,  and  good  results  with  an  amount  of  power  that 
would  not  have  been  thought  possible  a  few  years  ago. 

Multiple  radio  circuits  have  been  thoroly  tried  out  for  a 
year  or  more  in  regular  commercial  work,  and  have  been  found 
to  be  quite  as  efficient  and  reliable  as  the  wire  circuits.  It  has 
been  demonstrated  that  messages  can  be  copied  directly  on  the 
typewriter  at  a  station  located  in  the  heart  of  the  city,  without 
undue  interference  from  nearby  power  and  radio  stations.  The 
increase  in  traffic  capacity  of  the  circuits  and  the  consequent 
lower  cost  of  operation  has  made  the  future  of  radio  look  very 
promising. 

Experiments  which  are  now  being  conducted,  with  a  view  to 
the  elimination  of  head  receivers  and  the  substitution  of  audible 
devices  for  receiving,  have  shown  very  good  results  where  the 
received  signals  are  of  reasonable  audibility.  The  great  ad- 
vantage of  such  a  receiving  device  would,  of  course,  be  for  calling 
purposes,  but  its  use  in  regular  work  would  undoubtedly  prove 
advantageous.  With  a  reliable  device  of  this  kind,  an  operator 
would  be  available,  when  not  actually  receiving  on  one  circuit, 
to  listen  in,  or  to  receive  on  another  circuit,  and  at  all  times  be 
able  to  hear  any  other  station  which  might  call.  Following  the 
system  of  the  wire  companies  in  this  respect,  one  operator  could 
cover  several  circuits,  where  the  amount  of  business  on  one 
circuit  would  not  be  sufficient  to  keep  him  busy.  It  would  not 
be  necessary  to  make  "dates"  with  any  station.  Every  station 
would  secure  practically  uninterrupted  service. 

From  the  results  actually  accomplished  to  date  in  radio  work 
and  in  view  of  the  improvements  which  are  contemplated,  a 
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fairly  accurate  estimate  can  be  made  as  to  the  general  organiza- 
tion and  conducting  of  an  ideal  system  of  competitive  radio 
telegraph  service.  Some  of  the  most  pressing  needs  of  such  a 
system  will  be  outlined  in  this  paper. 

Main  Trunks 

Between  the  larger  cities  there  should  be  established  a  suf- 
ficient number  of  radio  duplexes  to  take  care  of  all  business 
offered,  and  to  handle  it  with  accuracy  and  despatch.  For  the 
purpose  of  this  paper,  these  stations  will  be  designated  as  "relay 
stations." 

The  distance  by  which  these  stations  may  be  separated  is  of 
course  dependent  upon  factors  which  would  be  different  in 
different  localities.  Suffice  it  to  say,  that  they  must  be  able  to 
carry  on  fast,  reliable  communication  under  all  conditions. 

"Way"   Circuits 

From  each  relay  station  there  should  be  operated  several 
local  circuits,  corresponding  to  the  "way"  wires  of  the  wire 
companies.  These  way  stations  should  be  grouped  together  so 
that  a  certain  number  of  them,  depending  on  the  business  they 
handled,  would  send  to  the  relay  station  on  the  same  wave  length. 
They  should  each  be  able  to  hear  every  other  station  in  their 
group  in  order  to  prevent  interference  by  simultaneous  sending 
on  the  same  wave. 

Relay  Station 

At  the  relay  stations  all  business  would  be  handled  at  the 
receiving  office,  which  should  be  located  as  near  as  possible  to 
the  telegraph  center  of  the  city  which  it  served.  This  would  be 
very  necessary  in  order  that  the  radio  company  might  secure  its 
just  share  of  the  available  business,  and  in  order  to  facilitate 
deliveries  from  the  central  location. 

The  location  should  be  chosen  with  a  view  to  the  erection  of 
an  antenna  or  antennas  between  two  or  more  comparatively  tall 
office  buildings.  The  best  results  would  probably  be  obtained  by 
having  the  space  between  these  buildings  and  around  them 
comparatively  free  from  obstruction,  but  this  has  not  been  found 
absolutely  necessary  in  practice.  A  ground  can  be  made  to  any 
convenient  water  pipe.  Very  good  results  in  receiving  have  been 
obtained  from  this  type  of  antenna  and  the  expense  of  erection 
is  slight. 
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The  business  office,  where  messages  are  accepted  for  trans- 
mission, should  have  a  good  ground  floor  frontage.  The  operating 
room  should  be  located  in  close  proximity  to  the  business  office, 
and  communication  between  them  should  be  maintained  by  a 
pneumatic  tube  or  similar  system. 

The  operating  tables  and  operators  should  be  grouped  to- 
gether as  closely  as  possible,  to  facihtate  the  handling  of  relay 
messages.  On  all  duplexes  the  sender  should  sit  directly  beside, 
or  opposite  the  receiver,  and  should  be  provided  with  a  single 
head  telephone  or  other  means  of  receiving  his  own  "breaks" 
from  the  distant  station.  The  sender  should  also  be  provided 
with  some  device  to  show  that  his  signals  are  leaving  the  sending 
station  properly.  There  are  several  ways  of  arranging  a  device 
of  this  kind,  the  simplest  probably  being  the  introduction  of  a 
separate  receiving  set  tuned  to  the  sending  wave  length.  This 
provides  the  best  possible  check  on  the  signals  from  the  trans- 
mitting station  and  the  action  of  the  repeating  key,  and  permits 
instant  correction  of  faults  in  the  transmitter,  thereby  minimizing 
the  necessity  for  breaking. 

All  receiving  instruments  should  be  easily  adjustaljle  from 
a  sitting  position.  All  variable  condensers  in  the  sets  should 
be  of  small  capacity,  with  long  indicators  moving  in  a  large 
arc,  so  that  a  maximum  movement  would  be  recorded  for  a 
moderate  change  in  wave  length,  and  the  tuning  thereby  made 
finer.  The  points  of  maximum  audibility  should  be  plainly 
marked. 

All  control  circuits  leading  to  the  transmitting  station  or 
stations  should  be  available  from  each  position,  preferably  by 
the  use  of  telegraph  jack  and  plug  switches. 

An  easy-running,  visible- writing  typewriter  should  l)e  provided 
for  receiving,  preferably  with  all  capital  letters  and  without  a 
shift-key.  Particular  attention  should  be  paid  to  all  time-saving 
features.  Devices  for  increasing  the  audibility  of  received  signals 
should  be  installed  as  soon  as  they  are  found  to  l)e  practicable 
for  commercial  work. 

Transmitting  Stations 

Transmitting  stations  should  be  located  a  sufficient  distance 
from  the  receiving  office  to  prevent  undue  interference.  In 
practice  two  or  three  miles  (3  to  5  km.)  has  been  found  to  be 
sufficient.  Normally  no  receiving  should  ))e  doiie  at  the  trans- 
mitting station,  the  whole  power  output  and  the  regulation  of 
wave  lengths  being  under  control  of  the  receiving  operator.     A 
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wave  changing  switch  with  a  sufficient  number  of  points  for  all 
necessary  changes  of  wave  length  should  be  provided,  and  these 
wave  lengths  should  correspond  exactly  with  those  of  any 
other  transmitting  stations  in  the  same  city.  In  case  of  the 
failure  of  one  station,  another  could  then  be  immediately  put  on 
the  desired  wave  length  and  transmission  resumed  without  delay. 
Some  signal  checking  device  should  be  provided  with  the 
regular  equipment  at  all  transmitting  stations,  which  would 
allow  the  operator  in  charge  greater  freedom  for  making  repairs 
and  attending  to  other  necessary  duties  about  the  station. 
A  sparking  wavemeter,  coupled  to  the  transmitter  helix,  and 
consisting  of  an  inductance  and  a  variable  condenser  tuned  to 
the  sending  wave  length,  gives  very  good  results  for  this  purpose. 
Sparking  takes  place  between  the  condenser  plates,  furnivshing 
signals  which  are  audible  as  long  as  the  set  is  operating  perfectly. 
The  sound  may  be  re-enforced  by  placing  the  condenser  in  a 
resonator. 

In  all  cases  where  the  power  is  used  intermittently,  a  consider- 
able saving  could  be  effected  bj-  providing  distant  control  of 
the  power  source. 

Way  Stations 

Way  stations,  for  the  most  part,  should  be  established  in  the 
smaller  towns  in  the  vicinity  of  the  relay  stations.  Normally, 
they  would  transmit  their  business  to  the  nearest  relay  station, 
excepting  that  which  was  destined  to  stations  in  their  own  group. 

In  practice  it  has  been  foimd  that  altho  it  is  possible  for  the 
way  station  to  send  its  messages  directh'  to  its  destination,  time 
maj'  be  saved  by  relaying  it ;  for  by  so  routing  it  work  over  trunk 
circuits  goes  on  uninterruptedly. 

The  duplexing  of  such  stations  would  hardly  pay  at  present, 
involving,  as  it  does,  the  erection  of  one  station  for  sending 
and  one  for  receiving,  with  consequent  additional  cost  for  main- 
tenance and  operation.  These  circuits  would,  in  effect,  be  in 
multiple  at  the  relay  station;  and  the  way  station  (where  one 
man  w'ould  act  as  operator  and  manager)  would  be  able  to 
"break"  at  any  time  to  answer  the  telephone,  wait  on  the  counter 
or  attend  to  other  duties.  With  late  types  of  rehable  receiving 
instruments  there  should  be  very  little  necessity-  for  "breaking" 
at  the  relay  station.  At  these  the  operator  would  have  no 
outside  duties  to  perform. 

In  a  way  station,  the  complete  sending  and  receiving  equip- 
ment should  be  located  in  a  ground  floor  office,  near  the  center 


of  the  business  district,  in  at  least  as  good  a  location  as  that  of 
the  competing  telegraph  companies.  In  all  cases  the  necessary 
motor  generator  set  should  be  started  and  stopped  from  the 
operating  table  by  a  remote  control.  A  wave  changer  should 
be  installed  within  easy  reaching  distance,  as  should  the  rest 
of  the  set.  A  fast  repeating  (relay)  key  should  be  provided, 
operated  by  a  small  Morse  key.  A  sparking  wavemeter  should 
be  provided  to  show  that  the  station  was  radiating  properly. 

In  the  receiving  set  several  pairs  of  condensers  and  inductances 
should  be  provided,  each  pair  tuned  to  a  certain  wave  length, 
and  any  set  instantly  available  by  throwing  a  single  switch. 
If  it  were  desired  to  receive  on  any  other  than  the  regular  wave 
length,  it  would  only  be  necessary  to  throw  one  switch,  which 
should  be  wired  up  to  include  the  necessary  inductance  and 
capacity  for  the  desired  wave  length.  This  would  save  the 
valuable  time  lost  in  tuning  for  the  different  wave. 

The  change  from  sending  to  receiving  positions  should  all  l)e 
done  in  one  switch.  The  other  arrangements  should  be  practicalh' 
the  same  as  for  a  relay  station. 

Operation 

In  the  operation  of  this  system,  the  way  station,  before 
proceeding  to  call  the  relay  station,  would  listen  in  on  the 
regular  wave  length  which  had  been  allotted  to  its  group.  If 
that  circuit  were  busy,  the  operator  would  listen  on  each  of  the 
other  wave  lengths  until  he  found  one  which  was  not  being  used. 
He  would  then  proceed  to  call  the  relay  station,  which  would 
be  provided  with  a  receiving  set  attuned  to  that  wave  length. 
Upon  receiving  a  reply  he  would  proceed  to  send  his  Inisiness 
upon  the  idle  wave  length  or  upon  any  other  which  the  relay 
station  might  designate.  With  two  or  three  wave  lengths 
allotted  to  each  way  station,  and  these  tuned  in  and  covered  at 
the  relay  station,  there  should  l)c  very  little  delay  on  account 
of  the  circuits  being  in  use  by  other  stations.  These  circuits 
might  be  designated  as  "A,"  "B,"  "C,"  etc.,  to  facilitate  ciuick 
change  from  one  to  another. 

The  relay  station  normally  would  call  a  way  station  on  one 
particular  wave  length  and  then  arrange  for  transmission  on 
another  if  the  regular  wave  length  were  busy. 

For  intercommunication  between  two  way  stations,  the  call 
would  be  made  on  the  regular  wave  length,  and  transmission 
effected  on  one  of  the  auxiliary  wave  lengths  in  order  to  keep  the 
regular  wave  length  clear  for  calling  purposes. 


Operating  Details 

In  the  handling  of  this  class  of  business  the  methods  of  the 
American  telegraph  companies  should  be  followed  as  closely  as 
possible  consistent  with  proper  observance  of  the  rules  governing 
radio  communication.  The  results  arrived  at  by  wire  companies 
in  the  way  of  improving  the  working  capacity  of  a  circuit  are 
based  upon  years  of  experience  and  probably  represent  the  highest 
efficiency  obtainable  in  this  regard.  It  has  been  proven  in 
actual  work  that  the  elimination  of  unnecessary  prefixes  and 
other  superfluous  characters  has  been  a  big  factor  in  increasing 
the  capacity  of  telegraph  circuits. 

Automatic,  high  speed  work  in  radio  telegraphy  at  the  present 
time  is  dependent  upon  unusually  good  atmospheric  conditions. 
While  some  very  good  results  have  been  obtained  in  this  line  at 
times,  the  system  on  the  whole  is  costly  and  occasions  delays 
which  show  up  badly  in  comparison  with  the  fast  service  of  the 
wire  companies.  A  burst  of  strays  lasting  only  a  fraction  of  a 
second  is  sufficient  to  obliterate  a  whole  word  or  more  of  the 
high  speed  signals;  whereas  an  experienced  operator,  copying 
at  the  regular  rate  of  speed,  would  probably  be  able  to  fill  in 
the  one  or  two  missing  letters  which  a  discharge  of  the  same 
duration  of  time  would  cover.  Even  among  the  wire  companies, 
the  manual  system  is  still  recognized  as  the  more  reliable  for  all 
around  work. 

The  capacity  of  the  circuit,  then,  depends  to  a  great  extent 
on  the  skill  of  the  operators  employed.  There  is  room  for  con- 
siderable improvement  in  this  portion  of  radio  work  in  order  to 
equal  the  work  done  by  the  fast  wire  operators. 

Operators 

While  ability  for  fast  sending  in  an  operator  is  desirable, 
it  must  be  combined  with  other  qualities.  Good  judgment,  cool- 
headedness  and  ability  to  read  poor  copy  are  just  as  necessary 
qualifications  in  sending  as  high  speed.  Generally  speaking,  a 
medium-speed,  methodical  sender,  watching  his  copy  closely, 
eliminating  all  unnecessary  characters,  calling  attention  to  mis- 
spelled words,  avoiding  "combinations,"  and  taking  especial 
care  in  the  transmission  of  code  or  unusual  words,  will  make 
better  time  than  the  fast,  erratic  sender.  Automatic  trans- 
mitters, sending  purely  mechanical  signals,  have  not  proven 
entirely  satisfactory  for  manual  reception  on  account  of  the 
sameness  of  speed  which  does  not  allow  for  the  unusual  words. 
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However,  the  proportion  of  rapid  hand  senders  among  tele- 
graphers is  very  small,  and  a  hand  sender  may  find  his  efficiency 
impaired  at  any  time  by  operator's  paralysis.  An  instrument 
called  a  "sending  machine"  is  being  widely  used  by  telegraphers, 
both  wire  and  radio  at  the  present  time.  This  is  an  ingenious 
instrument  which  works  with  a  side  motion,  the  lever  on  one 
side  making  contact  for  the  dashes,  and  on  the  other  side  starting 
a  mechanical  vibrator  which  makes  dots  as  long  as  the  key  is 
held  over.  The  characters  are  formed  by  combining  the  action 
of  the  two.  It  can  readily  be  seen  that  there  is  a  great  saving  in 
labor  when  using  such  a  device,  and  its  use  practically  eliminates 
paralysis.  It  is  operated  with  one  hand,  leaving  the  other  free 
for  marking  off  and  sorting  messages.  Properly  adjusted,  a 
sending  machine  permits  of  faster  sending  and  better  spacing, 
in  the  hands  of  the  average  operator,  and  it  will  carry  thru  on 
any  circuit  where  fast  hand  sending  will  carry. 

"Combination"  sending  is  a  very  common  fault  among  tele- 
graphers and  one  that  should  be  assiduously  guarded  against. 
This  is  improper  timing  of  the  dots,  dashes,  and  spacing.  This 
spoils  the  whole  time  rhythm,  and  the  receiving  operator  has 
the  same  difficulty  in  reading  the  signals  as  is  usually  experienced 
in  listening  to  a  stuttering  person  over  a  telephone  line.  Usually 
the  sender  is  unaware  of  this  fault  and  imagines  he  is  sending 
perfect  signals.  Probably  the  best  method  of  showing  an  operator 
his  failings  in  this  respect  is  to  take  phonographic  records  of  his 
sending  and  compare  them  with  signals  which  are  correctly  timed. 

Among  the  commercial  operators  of  the  United  States,  a 
knowledge  of  the  Phillips  Code  of  abbreviations  is  coming  to  be 
generally  recognized  as  part  of  an  operator's  education.  This 
is  a  system  of  abbreviations  embracing  a  large  proportion  of  the 
most  frequently  used  words  of  the  English  language,  with  a 
complete  system  of  punctuations.  It  is  based  on  a  very  com- 
prehensive plan  and  follows  set  rules  for  terminations.  The 
abbreviations  are  nearly  all  suggestive  of  the  word  which  they 
represent,  and  are  therefore  not  difficult  to  memorize. 

In  practice,  the  sender  simply  sends  the  correct  abbreviation 
for  a  word,  and  the  receiver  spells  it  out  in  full  and  writes  it 
down.  Using  a  typewriter,  this  is  comparatively  easy,  as  the 
Speed  of  the  average  typewriter  operator  is  about  douljle  that 
of  the  fastest  sender.  This  code  is  used  by  all  American  press 
and  brokers'  telegraphers,  and  enables  them  almost  to  double 
their  speed.  It  is  also  used  considerably  on  the  fast  commercial 
wires,  and  at  all  times  when  press  is  being  handled.    Knowledge 
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of  it  is  always  a  help  to  an  operator,  if  only  for  the  accuracy  it 
gives  in  conversation  in  connection  with  the  handUng  of  business. 
It  is  obvious  that  if  abbreviations  are  to  he  used,  a  regular 
system  should  be  followed. 

The  International  List  of  Radio  Abbreviations,  while  forming 
a  handy  medium  for  carrying  on  a  conversation  between  operators 
using  different  languages,  is  not  sufficiently  expressive  to  cover 
all  conditions  encountered  in  telegraph  work.  Moreover,  it  is 
an  arbitrar}^  code,  not  easj-  to  memorize.  In  the  Phillips  Code, 
there  are  no  two  abbreviations  alike,  and  if  both  operators  have 
a  good  understanding  of  the  code,  there  is  very  little  liability 
to  error. 

A  radio  duplex,  like  a  wire  duplex,  is  as  good  as  two  separate 
circuits,  as  long  as  the  number  of  "breaks"  is  reduced  to  a 
minimum.  Therefore  both  sender  and  receiver  should  endeavor 
to  avoid  breaks  as  much  as  possible.  This  can  onlj-  be  done  by 
complete  co-operation  and  first  class  work  on  the  part  of  each 
operator.  One  inefficient  man  on  a  duplex  can  practically  nullify 
the  work  of  the  other  three. 

To  the  training  in  this  work,  and  to  the  general  training 
in  concentration,  discrimination,  and  mechanical  skill,  which 
only  years  of  experience  can  give,  is  due  mainly  the  success  in 
fast  radio  work  of  the  ex- wire  operators  who  have  mastered  the 
Continental  code  and  the  necessary  technical  knowledge.  It  is 
admitted  among  wire  telegraphers  that  it  takes  on  an  average 
of  two  years  or  more  of  all-around  experience  on  the  fastest 
circuits  to  produce  a  really  first  class  operator.  Even  then 
there  are  failures,  as  in  every  line  of  endeavor.  The  equivalent 
experience  on  fast  radio  circuits  should  give  just  as  good  results. 

It  is  obvious  that  a  radio  operator  must  have  a  good  technical 
knowledge  of  his  apparatus  to  get  the  best  results.  While  this 
knowledge  might  be  subordinated  slightly  to  telegraphic  ability 
in  a  large  office  where  other  expert  technical  men  were  available, 
the  knowledge  would  at  all  times  prove  a  big  asset. 


With  such  an  equipment  and  organization  it  would  seem  that 
a  radio  company  would  be  in  a  position  to  compete  successfulh- 
with  the  wire  companies  in  every  line  of  the  work.  The  cost  of 
operation  for  results  achieved  should  run  as  low  as  or  lower 
than  that  of  the  wire  companies,  with  their  heavy  upkeep  and 
right  of  way  costs.  The  facilities  of  the  radio  would,  in  some 
ways,  be  superior  to  the  wire  telegraph;  and  the  occasional 
severe  atmospheric  difficulties  of  the  radio  would  be  counter- 
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balanced  by  the  occasional  total  prostration  of  the  wire  telegraph 
during  floods,  sleet  storms,  and  the  like.  In  addition,  districts 
could  be  served  where  wire  service  is  impracticable  because  of 
the  physical  difficulties  which  prevent  proper  maintenance  of 
telegraph  lines. 

A  chain  of  stations  of  this  type,  l^acked  by  an  efficient  organiza- 
tion of  employes,  would  l)e  a  valuable  asset  to  the  nation  and 
to  the  districts  it  served  in  the  event  of  wire  prostration,  or 
national  disaster.  On  this  account,  it  would  seem  that  it  would 
be  sound  policy  for  the  National  Government  to  encourage  and 
facilitate  in  every  way  the  extension  and  operation  of  such 
a  system. 

Probably  the  nearest  approach  to  the  ideal  conditions  outlined 
above  is  furnished  by  the  chain  of  stations  operated  ]»y  the 
Federal  Telegraph  Company  on  the  Pacific  Coast.  This  includes 
the  Los  Angeles-San  Francisco  duplex,  and  the  San  Francisco- 
Portland  duplex,  and  one  way  "break"  systems  between  Los 
Angeles  and  San  Diego;  Los  Angeles  and  Phoenix,  Arizona; 
and  San  Francisco  and  Honoluhi.* 

The  Los  Angeles-San  Francisco  duplex,  having  l)een  in 
operation  for  a  period  of  nearly  two  years,  is  piobably  the  l>est 
known,  and  will  be  described  here. 

Los  Angeles   Office 

The  equipment  at  the  down-town  receiving  office  at  Los 
Angeles  consists  of  two  of  the  latest  type  sustained  wave  receiving 
sets,  one  normally  tuned  to  receive  San  Franeisco  on  a  wave 
length  of  3,500  meters,  and  the  other  normally  tuned  to  receive 
San  Diego  and  Phoenix  on  2,750  meters.  The  San  Diego- 
Phoenix  set  can  instantly  be  put  in  service  for  receiving  damped 
waves  on  600  meters  by  throwing  a  single  switch. 

The  antenna  for  receiving  San  Francisco  is  composed  of  three 
wires,  each  320  feet  (100  m.)  long,  suspended  between  two 
office  buildings  at  an  average  height  of  175  feet  (53  m.).  The 
San  Diego-Phoenix  antenna  is  composed  of  a  single  wire,  running 
almost  parallel  to  the  San  Francisco  antenna,  and  of  slightly 
greater  length.  No  towers  are  used  to  suspend  these  antennas. 
They  are  simply  swung  between  the  two  buildings  at  the  level 

*  (The  distance  from  Los  Angeles  to  San  Francisco  is  390  miles,  or  <i"J.i 
km.;  from  San  Francisco  to  Portland,  5.50  miles,  or  SSO  km.;  from  Los  An- 
geles to  San  Diego,  94  miles,  or  l.")0  km.;  from  Los  Angeles  to  Phoenix,  4MJ 
miles,  or  770  km.,  and  from  San  Francisco  to  Honoluln,  J, 080  miles,  or  ;j.;i40 
km. — Editor.) 


of  the  roof.  Either  of  these  antennas  can  be  used  separately 
for  receiving  multiplex,  making  the  use  of  four  or  more  receiving 
sets  practicable. 

The  operating  room  is  on  an  open  balcony,  running  across 
the  rear  of  the  main  receiving  office,  which  occupies  a  store  front 
in  the  center  of  the  city.  It  is  subject  to  the  ordinary  noises 
of  the  street,  but  this  causes  no  interference  with  the  received 
signals,  which  are  ordinarily  strong  and  clear  enough  to  be  read 
under  all  conditions. 

The  operating  table  runs  across  the  front  of  the  balcony  and 
is  12  feet  (3,1  m,)  long,  wings  on  each  end  supporting  the  receiving 
sets.  Pockets  are  provided  at  each  end  of  the  table  for  type- 
writers. Two  visible-writing  typewriters  are  used  for  receiving, 
and  are  so  located  that  all  tuning  can  be  done  while  sitting 
in  front  of  them.  The  sending  operators  sit  directly  beside  the 
receiving  operators.  Keys  operating  the  control  circuits  which 
run  to  the  two  transmitting-stations  are  available  from  all 
sending  and  receiving  positions.  Telegraph  sounders  and 
resonators  are  provided  for  the  sending  operators,  A  single 
telephone  receiver,  on  an  extension  arm,  and  in  series  with  the 
receiving  phones  of  the  San  Francisco  board,  is  provided  for  the 
sending  operator  on  that  circuit  so  that  he  may  listen  to  San 
Francisco's  "breaks," 

All  induction  from  telegraph  control  circuits  has  been  elimi- 
nated by  the  placing  of  condensers  of  one  microfarad  capacity 
across  the  line,  and  the  induction  from  the  automatic  telephone 
call  system  on  the  main  floor  has  been  nullified  b}^  the  placing 
of  resistance-coils  in  the  telephone  ground  lead. 

All  messages,  as  they  are  received  from  the  distant  stations, 
are  copied  directly,  in  duplicate,  on  the  typewriter,  and  dropped 
into  a  chute  (conveniently'  located  beside  the  receiving  operator), 
which  deposits  them  on  the  delivery  desk  on  the  main  floor. 
Outgoing  messages  are  delivered  on  the  operating  table  on  the 
balcony,  by  a  device  similar  to  the  trolley  systems  used  in 
department  stores.  In  the  handling  of  relay  messages,  it  is 
simply  a  matter  of  one  operator  handing  them  to  another. 

Two  transmitting  stations  are  controlled  from  this  office  and 
are  practically  duplicates  of  each  other,  in  so  far  as  power  and 
equipment  are  concerned,  and  are  three  and  five  miles  (5  and  8 
km,)  from  the  downtown  receiving  office.  Each  transmitting 
station  is  equipped  with  a  12  kilowatt  Poulsen  arc  converter, 
altho  normally  less  than  half  of  this  amount  of  power  is  used. 
Both  are  arranged  for  transmitting  upon  several  wave  lengths, 
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the  corresponding  waves  at  the  two  stations  being  of  exactly 
the  same  length,  so  that  in  case  of  the  failure  of  one  the  other 
may  be  immediately  put  on  the  wave  length  being  used,  and 
transmission  resumed  without  delay.  This  permits  of  one 
station  being  operated  singly  on  holidays,  etc.,  when  there  is  not 
sufficient  business  to  warrant  keeping  two  stations  in  operation. 

Xormally  one  station  is  used  for  transmitting  to  San  Francisco 
on  a  wave  length  of  3,250  meters,  while  the  other,  on  a  wave 
length  of  3,750  meters,  is  used  for  transmitting  to  San  Diego, 
Phoenix,  and  the  steamships  equipped  with  Federal  apparatus, 
on  the  Pacific  (which  constitute  a  fair  sized  fleet).  Other  wave 
lengths  are  available  for  a  second  sending  circuit  to  San  Francisco 
when  business  warrants.  All  the  companj^'s  sending  stations 
are  equipped  for  sending  and  receiving  on  the  sustained  waves 
of  the  Poulsen  system.  In  sending  on  600  meters,  a  "chopper" 
is  used  in  series  with  the  antenna.  This  furnishes  a  very  pure 
musical  note,  at  a  frequency  of  about  500  cycles.  The  damped 
wave  receivers  can  be  instantly  cut  in  for  short  wave  work. 
Each  station  is  in  charge  of  a  first-grade  commercial  radio 
operator.  These  operators  are  available  for  duty  at  the  receiving 
offices  when  required,  and  the  operators  at  the  receiving  offices 
are  available  for  duty  as  arc  operators  at  the  transmitting  sta- 
tions. Considerable  flexibility  in  working  staff  is  obtained  thru 
this  arrangement. 

San  Diego  and  Phoenix  normally  transmit  to  Los  Angeles 
on  the  same  wave  length,  so  that  no  tuning  is  reciuired  to  hear 
either  of  these  stations  at  anj'  time.  In  addition,  these  stations 
have  an  auxiliary  wave  length  exactly  corresponding  to  that 
used  by  San  Francisco,  so  that  they  can  call  Los  Angeles  on  the 
San  Francisco  receiving  set,  or  they  can  use  that  as  a  regular 
wave  length  when  only  one  man  is  on  duty  at  the  Los  Angeles 
office.  During  the  busy  part  of  the  day  three,  and  sometimes 
four,  men  are  on  duty  at  the  Los  Angeles  office. 

San  Francisco  Office 

The  receiving  office  at  San  Francisco  is  located  on  the  eighth 
floor  of  a  twenty-story  ])uilding,  and  is  provided  with  two 
receiving  antennas  of  the  same  tj'pe  as  those  at  Los  Angeles. 
One  of  these  antennas  is  used  for  receiving  Honolulu  and  the 
ships  and  the  other  is  used  for  receiving  Los  Angeles  and  Portland 
simultaneously,  providing  quadruplex  receiving.  Two  trans- 
mitting stations  are  controlled  from  this  office  one  of  these  being 
a  duplicate  of  the  two  Los  Angeles  stations;    and  the  otiier  at 
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South  San  Francisco,  has  two  transmitters  and  two  antennas, 
providing  triplex  sending. 

Honolulu,  as  well  as  Los  Angeles  antl  Portland,  is  copied 
directly  on  a  typewriter  at  the  San  Francisco  receiving  office 
and  the  copies  as  they  are  received  are  dispatched  to  the  delivery 
department  on  the  first  floor  thru  a  pneumatic  tube. 

At  the  San  Francisco  receiving  office  five  or  six  men  are  on 
duty  at  all  times  during  the  day,  working  side  by  side,  and 
handling  heavy  traffic,  without  interference.  Moreover,  the 
San  Francisco  office  is  in  the  center  of  the  interference  zone  of  the 
Pacific  Coast,  there  being  five  high  power  stations  in  the  im- 
mediate vicinity. 

The  work  with  Honolulu  has  })een  carried  on  for  about  five 
years  and  has  been  very  satisfactory.  A  regular  commercial 
service  has  been  maintained  and  most  of  the  news  service  carried 
by  the  Honolulu  papers  has  been  handled  by  the  Federal  Tele- 
graph Compan}'.  The  Honolulu  end  of  this  circuit  will  be 
duplexed  in  the  near  future  to  take  care  of  increasing  business. 

A  fast  duplex  service  is  maintained  with  Portland,  the  second 
antenna  at  the  South  San  Francisco  transmitting  station  being 
used  for  this  purpose.  It  was  found  necessary  at  this  station  to 
use  two  antennas  verj'  nearly  at  right  angles  to  each  other, 
and  two  arcs  for  transmitting  on  two  wave  lengths  simultane- 
ously. There  is  no  noticeable  interference  between  transmitters 
and  receivers  at  any  of  the  stations. 

Only  one  man  is  required  at  San  Diego  and  Phoenix,  re- 
spectively. This  man  acts  as  operator  and  manager.  He  is 
always  able,  when  receiving  from  Los  Angeles,  to  "break""  that 
station  when  it  is  necessary  to  answer  the  telephone,  wait  on  a 
customer,  or  attend  to  other  duties.  The  stations  in  each  case 
are  located  near  the  center  of  the  cities  they  serve. 

In  operation  of  all  circuits  the  methods  of  the  wire  companies 
have  been  followed  to  a  great  extent.  Ex-wire  operators  are 
employed  quite  generally,  and  the  operating  officials  are  also 
ex-wire  men.  In  the  operation  of  the  duplex  circuits,  the  two 
stations  are  tuned  in  at  the  opening  hour  in  the  morning,  after 
which  there  is  no  stop  for  tuning  or  calling.  All  business  as  it 
is  filed  is  transmitted  immediately.  When  it  is  necessary  to 
"break,"  the  sender  is  requested  to  re-transmit  all  material  after 
the  last  word  received,  so  that  the  receiver  is  able  to  fill  in  the 
missing  words  before  proceecUng,  and  to  turn  out  a  complete 
message  ready  for  immediate  delivery. 

For  transmitting  purposes,  the  sending  machines  described 
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previoush'  in  this  paper  are  used  with  few  exceptions,  and  the 
speed  of  the  circuits  compares  favorably  with  that  of  the  fast 
wire  circuits. 

A  simple  form  of  amphfier  for  copyingsignals  without  the  neces- 
sity for  wearing  head  telephones  has  proven  quite  successful  at  Los 
Angeles  in  copying  San  Francisco  in  regular  commercial  work. 

The  Federal  Telegraph  Company  is  in  active  competition 
with  the  wire  telegraph  companies  on  the  Pacific  Coast,  furnishing 
a  fast  reliable  telegraph  service  thruout  the  entire  year.  Busi- 
ness is  increasing  daily  and  improvements  are  contemplated 
which  will  still  further  improve  the  service  and  the  scope  of  the 
work.  The  circuits  operated  and  the  approximate  distances 
covered  are  shown  in  Figure  1.  A  table  showing  the  wave  lengths 
used  simultaneously  without  interference  is  shown  in  Table  1. 
This  table  does  not  show  the  actual  degree  of  close  tuning  pos- 
sible as  these  waves  were  necessarily  arranged  to  prevent  inter- 
ference with  other  than  Federal  Telegraph  Company  stations. 

TABLE  1 
SIMULTANEOUS    TRANSMISSION    AND    RECEPTION 


Transmits 
/  (Meters) 

Receives 
/  (Meters) 

Distance  in 
Miles  Be- 
tween  Trans- 
mitters and 
Receivers 

Transmitter 
Power  in 
Killowatts 

San  Francisco.  . 

3,500 

10,000 

7,500 

3,250 

10,500 

8,000 

5 

7t 
7t 

6 
40 
30 

Los  Angeles .... 

3,250 
3,750 

3,500 

2,750 

5 
3 

6 
6 

Portland 

.  .       8,000 

7,500 

5 

30 

Honolulu 

.  .     10,500 

10,000 

_* 

40 

San  Diego 

.       2,750 

3,750 

_* 

4 

Phoenix 

2,750 

3,750 

-*         1 

10 

*  Does  not  receive  wliile  sendinj;. 

fSame  transmitting  station  using  two  transmitting  set?,  and  with  two  an- 
tennas employed. 
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The  chief  factor  of  success  has  been  the  ability  to  furnish 
clear,  rehable  signals  for  receiving,  with  a  minimum  expenditure 
of  transmitted  power,  and  with  consequent  low  cost  of  operation. 
Good  working  conditions  for  employees,  and  the  introduction 
of  the  latest  time-saving  features  have  also  proven  big  factors  in 
efficiency.  Flexibility  in  power  control  and  wave  length  regula- 
tion and  the  sharp  tuning  have  assisted  materially. 

In  the  work  of  these  stations,  the  matter  of  interference 
from  extraneous  noises  has  been  shown  to  be  more  of  a  psycho- 
logical than  a  material  difficulty.  An  operator,  trained  to 
receive  with  outside  disturbances  present,  listens  only  to  the 
signals  he  wishes  to  copy,  regardless  of  the  fact  that  other  noises 
around  him  may  be  considerably  louder.  Soundproof  compart- 
ments for  receiving  have  been  demonstrated  to  be  entirely 
unnecessary  in  this  work. 

The  great  value  of  the  duplex  system  over  the  old  style 
simplex  station  for  high  speed,  direct  work,  has  been  the  most 
striking  feature.  With  the  results  of  this  work  in  view,  the 
erection  of  simplex  stations  in  the  future,  to  handle  any  con- 
siderable amount  of  business,  would  seem  to  be  an  economic 
waste.  In  comparison:  a  duplex  radio  circuit  would  seem  to 
excel  a  simplex  non-break  installation  in  the  proportion  of 
about  3  to  1. 

SUMMARY:  After  considering  some  of  the  obstacles  in  the  way  of  success- 
ful competition  of  overland  radio  service  versus  wire  service,  the  author 
treats  the  mode  of  overcoming  these  difficulties.  He  recommends  also  radio 
duplex  circuits;  reception  with  loud-speaking  receivers  and  amplifiers;  trunk 
and  way  circuits  from  large  radio  centers  of  traffic;  and  relaying  stations. 
The  organization  and  operation  of  the  Pacific  coast  chain  of  duplex  radio 
stations  of  the  Federal  Telegraph  Company  is    hen  described  in  detail. 
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A  SPECIAL  TYPE  OF  QUENCHED  SPARK  RADIO 
TRANSMITTER* 

By 

D.  Galen  McCaa 

(Reseakch  Engineer,  John  Firth,  New  York  City) 

The  transmitter  to  })e  described  consists  partly  of  a  special 
arrangement  of  the  conductors  forming  the  antenna;  the  structure 
presenting  other  circuits  in  conjunction  with  the  usual  open 
radiating  circuit. 

The  entire  transmitter  is  represented  in  Figure  1. 


Figure  1 


A  number  of  horizontal  and  vertical  wires,  A,  forming  a 
"T"  or  an  "L"  type  antenna,  have  alternating  between  and 
insulated  from  them  a  like  number  of  wires,  B;  the  wires  of  each 

*  Received  by  the  Editor,  October  15,  1918. 
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group  being  connected  in  parallel,  and  connections  from  each 
group  being  led  to  the  instruments;  which  consist  of  a  quenched 
gap,  G,  two  inductance  coils  Li  and  L2,  a  transformer  T,  a  key 
K,  and  an  alternator  D.  The  earth  connection  is  made  thru 
the  inductance  L2  and  ammeter  71/. 

Three  oscillatory  circuits  are  formed  by  this  structure — first: 
the  conductors  A,  gap  G,  inductance  L2,  and  earth  E,  which 
form  an  open  circuit  oscillator;  second:  the  conductors  .-1,  gap 
G,  inductance  Li,  and  the  conductors  B,  which  form  a  partially 
closed  circuit  oscillator;  third:  the  conductors  5,  inductances 
L\  and  Zo,  and  the  earth  E,  which  form  an  open  circuit  oscillator. 

The  gap  is  common  to  the  circuits  A,  G,  L2,  E  and  A,  G,  Li, 
B.  These  circuits  are,  therefore,  the  primary  oscillatory  systems 
and  supply  energy  to  the  structure  B,  Li,  L2,  E  which  is  the  radia- 
ting system. 

The  capacity  available  is  determined  by  the  capacity  of  the 
conductors  A  to  earth,  w^hich  is  markedly  increased  by  the 
proximity  of  the  earthed  conductors  B,  and  by  the  capacity 
found  between  the  group  of  conductors  A  and  the  group  B. 
These  two  capacities  are  charged  in  parallel.  It  may  be  noted 
here  that  the  conductors  B  serve  the  following  purposes:  firsts 
augment  the  capacity  of  the  conductors  A;  second,  form  a 
primary  oscillator  in  conjunction  with  the  conductors  .-1,  and 
third,  become  the  capacity  of  an  open  circuit  oscillator. 

The  primary  circuit  A,  G,  Lo,  E,  is  coupled  to  the  radiating 
circuit  B,  L\,  L2,  E  by  the  inductance  Lo.  This  coupling  is 
varied  by  the  inductance  Li.  The  primary  circuit  A,  G,  Li,  B 
is  coupled  to  the  radiating  circuit  B,  Li,  L2,  E  by  the  inductance 
Li.  This  coupling  is  varied  by  the  inductance  Lz.  The  circuits 
are  closely  coupled,  for  in  addition  to  the  electromagnetic  coup- 
lings, a  capacitive  coupling  exists  between  the  conductors 
A  and  B. 

Owing  to  the  antenna  structure  employed  and  the  close 
couplings  presented  it  is  imperative  that  the  primary  discharges- 
be  highly  damped.  With  a  single  stationary  zinc  spark  gap, 
there  will  be  found  two  sets  of  coupling  oscillations  in  the  cir- 
cuit B,  Li,L2,  E,  and  the  structure  A  remains  a  part  of  the  radiating 
system  during  the  primary  discharge,  and  it  will  be  carrying-^ 
current  opposite  in  direction  to  the  structure  B.  The  effect 
will  be  similar  to  that  found  in  a  loop  antenna. 

The  close  and  fixed  couplings  do  not  lend  themselves  readily 
to  the  use  of  true  quenched  gap  effects,  where  the  quenching; 
is  partly  determined  by  the  reaction  of  the  secondary  current. 
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In  order  that  there  shall  be  no  effectual  radiation  from  the  two 
primary  circuits,  the  energy  of  the  primar}^  oscillations  must  be 
quickly  transferred  to  the  secondary  system  and  the  gap  must 
become  an  open  circuit  after  the  first  few  oscillations.  This 
result  is  obtained  by  employing  a  very  high  group  frequency  of 
highly  damped  primary  discharges. 

With  the  usual  closed  circuit  primary  oscillator  consisting 
of  a  quenched  gap,  condenser,  and  inductance,  it  is  possible 
to  obtain  group  frequencies  of  forty-thousand  discharges  per 
second,  the  number  depending  upon  the  design  of  the  oscillator 
and  its  relation  to  the  supply  system.  The  damping  of  the 
oscillations  in  such  a  system  is  determined  by  the  supply  cur- 
rent, the  design  of  the  gap,  and  the  constants  of  the  primary 
oscillator.  The  higher  the  group  frequency  the  greater  will  be 
the  decrement  of  each  primary  discharge;  and  with  the  group 
frequencies  actually  employed  a  type  of  impulse  excitation  results. 

Discharges  of  this  type  will  occur  in  a  primary  oscillatory 
circuit  when  it  is  not  coupled  to  a  secondarj^  circuit.  The 
reaction  of  a  secondary  system  is,  therefore,  not  required  as  in 
true  quenched  gap  operation. 

Figure  2  is  a  photographic  record  of  the  discharges  in  an 
oscillator  designed  to  produce  high  group  frequencies,  and  shows 
the  discharges  that  occur  during  the  time  period  of  one  alterna- 
tion; the  discharge  frequency  is  approximately  thirty-five- 
thousand  per  second  along  the  crest  of  the  alternating  current 
wave. 
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Measuring  the  logarithmic  decrement  of  the  oscillations 
in  the  primary  system  will  not  indicate  the  number  of  cycles 
in  each  discharge  as  the  gap  decrement  is  linear  (and  can  be 
determined  by  oscillograph  records). 

While  ideal  impulse  excitation — a  simple  rise  and  fall  of 
current — may  not  be  present,  a  very  close  approximation  is 
attained  as  is  indicated  by  the  fact  that  secondary  ampere- 
wave  length  curves  are  almost  flat. 

With  primary  discharges  as  described,  the  gap  is  cjuickh' 
rendered  an  open  circuit,  the  primary  sj'stems  A,  G,  Lo,  E  and 

A,  G,  L\,  B  cease  to  exist  as  such,  and  the  secondary  system 

B,  Li,  Lo,  E  is  left  free  to  oscillate  at  its  own  natural  period  and 
with  a  decrement  determined  solely  by  its  constants. 

The  secondary  oscillations,  when  high  group  frequencies  are 
employed,  are  continuous  tho  not  undamped.  This  is  conse- 
quent upon  the  decrement  of  the  antenna  oscillations  and  the 
group  frequencies.  With  a  low  decrement  and  high  group 
frequency,  the  antenna  will  receive  a  second  impulse  before  its 
oscillations  have  materialh"  declined.  It  is  probable  that  the 
electromotive  forces  impressed  on  the  gap  by  the  secondary 
current  "trigger"  it  off  when  adding  to  the  supply  electromotive 
force,  and  the  resultant  discharge  in  the  primary'  is  then  in  phase 
with  the  antenna  oscillations. 

The  adjustments  of  the  inductances  Ly  and  Lo  for  maximum 
radiation,  as  indicated  in  the  ammeter  M,  are  not  critical  owing 
to  the  type  of  impulse  excitation  employed;  and,  while  a  maxi- 
mum can  be  found,  it  exists  thruout  broad  adjustments  of  the 
inductances.  If,  with  the  inductances  adjusted  for  maximum 
radiation,  the  system  is  analyzed  by  wave  length  measurements, 
leaving  the  inductance  values  fixed,  the  primary  circuit  A,  G, 
L2,  E  will  present  a  shorter  wave  length  and  the  primary  circuit 
A,  G,  Li,  B  will  present  a  longer  wave  length  than  the  wave 
radiated  b}'  B,  L\,  Lo,  E.  The  wave  radiated  is  determined  by 
the  capacity  of  the  conductors  B  to  earth  and  the  inductance 
values  of  Li  and  L2;  on  inserting  a  spark  gap  in  this  structure 
and  exciting  it  as  a  primary  oscillator,  substantially  the  same 
wave  length  is  found. 

The  dissonance  between  the  primary  sj'stems  and  the  radia- 
ting antenna  has  been  found  to  be  as  high  aTs  20  per  cent,  the 
exact  value  varying  with  the  group  frequency  emploj^ed.  This 
is  far  in  excess  of  the  2  per  cent  dissonance  found  in  true  quenched 
gap  action. 

Figure  3  presents  the  resonance  curves  obtained  in  one  case. 
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The  curve  A  was  read  from  Lo  when  the  primar\'  circuit  A,  G, 
L2,  E  was  excited  alone,  the  conductors  B  being  grounded  inde- 
pendently. The  curve  C  was  read  from  Li  when  the  primary 
circuit  A,  G,  L\,  B  was  excited  alone,  the  ground  lead  and  Lo 
being  removed.     The  curve  B  was  read  from  the  inductance 
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Li  when  both  primary  circuits  were  exciting  the  circuit  B,  Li, 
Li,  E;  and  is  the  wave  radiated.  The  wave  lengths  in  this  case 
were  745  meters  for  A,  940  meters  for  B,  and  1,100  for  C.  It 
may  be  of  interest  to  note  that  the  curve  B  shows  no  evidence 
of  the  oscillations  of  the  primary  circuit  A,  G,  Li,  E  when  read 
from  Li,  and  a  curve  read  from  Li  shows  the  same  symmetry, 
there  being  no  evidence  of  the  oscillations  of  the  primary  circuit 
A,  G,  Li,  B. 

By  placing  a  single  turn  coil  in  the  conductor  A  immediately 
above  the  gap,  both  the  primary  wave  lengths  can  be  found. 
They,  therefore,  exist  in  Li  and  Li,  but  are  overshadowed  by 
the  more  powerful  oscillations  of  the  antenna. 

It  will  be  noted  that  the  ammeter  is  so  placed  as  to  be  not 
only  in  the  radiating  antenna,  but  also  in  the  primary  circuit 
A,  G,  Li,  E.  If  the  ammeter  is  placed  immediately  below  the 
inductance  Li,  the  reading  will  be  the  same  as  if  placed  imme- 
diately above  Li.  The  values  of  the  primary  currents  are 
usually  different,  and  if  the  primary  value  is  added  to  the  true 
antenna  current,  different  readings  would  be  expected,  dependent 


on  whether  the  ammeter  is  placed  in  one  primary  or  in  the  other. 

The  dissonance  found  in  this  system  is  not  consequent  upon 
the  arrangement  of  the  circuits,  but  the  circuits  are  operative 
because  of  the  dissonance. 

Between  a  single  primary  oscillator  made  up  of  a  condenser, 
quenched  gap,  and  inductance  so  designed  as  to  produce  high 
group  frequenc}',  and  an  antenna,  the  same  dissonance  effect 
has  been  found.  That  the  structure  is  operative  owing  to  the 
dissonance  will  be  apparent  from  a  consideration  of  Figure  4. 


Figure  -1 


Consider  the  system  charged  as  indicated  bj-  the  symbols. 
It  will  be  apparent  that  the  first  alternation  of  the  discharge  will 
flow  thru  the  inductance  as  indicated  by  the  arrows.  The 
magnetic  fields  established  in  these  auto  transformers  will  be 
opposed  to  each  other  and  if  the  currents  were  in  j^hase  and  of 
equal  amplitude  the  final  result  in  the  antennas  would  be  zero. 
Cases  have  been  observed  where  the  three  circuits  were  of  the 
same  period  and  the  S3\stem  was  practicalh^  inoperative.  With 
a  large  difference  between  the  frequencies  of  the  two  primary 
systems,  there  is  less  opposition  between  the  two  auto  trans- 
formers, and  owing  to  the  impulse  excitation,  the  primaries 
are  capable  of  exciting  an  antenna  not  in  resonance  with  them, 
but  one  the  period  of  which  lies  between  the  periods  of  the 
primaries. 


Attempts  have  been  made  to  reduce  the  phenomena  in  an 
artificial  antenna  or  phantom  circuit,  but  the  results  were  not 
the  same  as  found  in  the  aerial  structure. 

SUMMARY :  A  quenched  spark  transmitter  is  so  arranged  that  the  capacity 
in  the  highly  damped  primary  circuit  is  that  between  a  special  extra  antenna 
and  ground,  and  the  primary  and  secondary  circuits  are  partly  inductively 
coupled  thru  a  common  inductance  in  the  ground  lead  and  partly  capacitively 
coupled  by  the  capacity  between  the  special  antenna  and  the  usual  secondary 
or  radiating  antenna. 

Quenching  effects  and  normal  mono-wave  radiation  are  secured.  Experi- 
ments are  described  and  an  oscillogram  shown  whereby  the  group  frequency 
and  radiation  characteristics  are  indicated. 
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ON  THE  MULTI-SECTION  QUENCHED  GAP* 

By 

M.   Shuleikin 

(Lecturer  in  Electrical  Engineering,  Polytechnic  Institute,  Petro- 

GRAD,  Russia) 

AND 

I.  Freiman 

(Lecturer   in  Electrical   and   Radio   Engineering   and    Director   of 

the  Radio  Laboratory,  Electrotechnical  Institute, 

Petrograd,  Russia) 

It  is  well  known  that  very  short  spark  gaps  (about  0.2  mm 
or  0.008  inches  in  length)  possess  the  valuable  property  of  causing 
ciuenching  of  a  spark  discharge.  On  the  other  hand,  such  gaps 
have  a  low  breakdown  voltage,  of  the  order  of  800  or  900  volts. 
This  defect  as  I'egards  ease  of  manipulation  can  be  readily 
overcome  by  connecting  a  number  of  short  gap  sections  in  series. 
We  thus  obtain  a  multi-section  quenched  gap  possessing  the 
property  of  quenching  because  of  the  characteristic  of  the  sepa- 
rate sections,  and  .yet  having  a  breakdown  voltage  which  can  be 
varied  within  wide  limits  by  a  suitable  choice  of  the  number 
of  sections  emploj'ed. 

It  is  usually  agreed  that  the  total  voltage  required  for  a 
multi-section  quenched  gap  is  directlj'  proportional  to  the 
number  of  sections,  and  that,  therefore,  by  increasing  the  num- 
ber of  gaps,  the  discharge  potential  may  be  increased  to  any 
desired  extent.  In  the  following  discussion,  it  will  lie  shown 
that  such  an  assumption  is  not  correct,  and  that  there  exists 
an  upper  limit  of  voltage  which  cannot  be  exceeded  l,\v  further 
addition  of  new  gap  sections  to  the  series.  The  cause  of  this 
limitation  lies  in  the  uneven  distribution  of  potential  or  poten- 
tial gradient  along  the  scries  of  gaps. 

Let  us  consider,  for  example,  a  quenched  spark  gap  of  the 
Telefunken  type,  consisting  of  fairly  large,  circular,  metallic 
plates  separated  by  thin  insulating  rings,  and  with  a  voltage 

*  Received  b}-  the  Editor,  September  5,  1918. 
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across  the  total  gap  of  V  =  P2  —  Po,  before  the  gap  has  broken 
down,  as  indicated  in  Figure  1. 


Figure  1 


rrmi 


nil 


If  we  neglect  the  induction  current  due  to  imperfect  insula- 
tion, we  know  that  the  total  current  between  the  plates  due 
exckisivel}'  to  variation  of  dielectric  displacement  is 

~  dt  ' 

It  is  clear  that  the  total  electric  flux  starting  say  from  plate 
{n  —  \)  does  not  exclusivelj^  enter  the  following  plate,  {n).  Some 
of  the  lines  of  induction  will  pass  directly  to  the  oppositely 
charged  end  of  the  series  of  gaps,  or  will  pass  thru  neighboring 
conductors  to  the  earth,  and  so  on.  There  is  thus  a  certain 
leakage  of  the  dielectric  displacement  current  and  if  we  denote 
the  current  entering  the  plate  n,  and,  therefore,  starting  from 
itj'^b}'  /„,  and  the  leakage  current  from  this  plate  by  i^  we  will 
have  for  current  entering  the  plate  n-\-l,  the  value 

/„+!  =  /„ -4  (1) 

This  current  can  be  expressed  in  terms  of  the  voltage  between 
the  plates  as  follows: 

h,^,=  {Pn  +  l-Pn)coC  (2) 

I,,^{P,-P,,_,)(0C  (3) 

where  (o  signifies  the  angular  velocity  or  2  -/.  C  the  capacity 
of  the  condenser  formed  by  the  two  adjacent   plates,  and   Pn+i, 
P„,  Pn-i    .    .    .    .   ,  the  potential  of  the  corresponding  plates. 
We  can  write  a  similar  expression  for  the  current  I„  '■ 

h.=  {Pn-Po)  (OC 

or  putting  Po  =  0, 

i„  =  cocP„,  (4) 


where  by  c  we  understand  the  capacity  of  the  plate  with  respect 
to  the  earth,  to  leads,  and  all  other  neighboring  conductors 
except  the  next  plates. 

From  (1),  considering  (2),  (3),  and  (4),  we  have 

^,P„  =  P,+i-2P„  +  P„_i  (5) 

The  solution  of  this  equation  can  be  put  in  the  form  of 

P„=.4£"''  (6) 

For  Pn+i  and  P„_i  we  then  obtain 

P„+l=A£'^^'^+l'  =  £'^A£""  (6') 

P„_1=A£'^"^-1'  =  £-"A£'^"  (6") 

By  substitution  we  get  from  (5) : 

^=e'-2  +  e-=(e^-s-'y=(2sinh~y  (7') 

c 
Putting  ^=k,  we  obtain 

a 

sink  -  =  3  -y/k  (7) 

As  the  solution  of  (5)  can  also  be  put  into  the  form  P,i=5£~"", 
we  may  write  the  more  general  expression  for  the  potential 
of  the  /?-th  plate,  P„,  namely: 

P„=A£"''+P£-"".  (8) 

The  constants  A  and  B  depend  upon  the  values  of  P„  and 
Pj,  these  latter  being  the  values  of  the  potentials  at  the  ends 
of  the  series  of  gaps. 

In  radio  practice,  two  different  cases  may  arise  (of  which 
the  first  is) : 

P  =0-   P  =F 

^ max  being  the  voltage  produced  by  the  transformer  wluni  the 
spark  circuit  is  directly  coupled  to  the  antenna;  and  (for  the 
second  case) : 

F  F 

p    __   '  max  .      p    _[_  '  max 

2    '      -~^    2    ' 
when  the  coupling  to  the  antenna  is  inductive,  since  in  this  case 
the  neutral   point  of  the  transformer  is   usually  connected  to 
ground. 

In  the  first  case  we  have  for  the  first  of  the  series  of  gaps, 

where  n  =  0, 

A+5  =  0; 
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and  therefore 

.4  =  -B, 

while  at  the  end  of  the  series  of  gaps,  where  n  =  z, 
and  therefore 


A  = 


V 


V 


^az_^-az      2sinhaz 

Substituting  these  values  of  the  expression  for  the  potential 
of  the  w-th  plate,  we  get 

sink  o.  n 


^  n        '  max     ■     ;   „ 

Sinn  a,  z 


(9) 


which  expresses  the  law  governing  the  distribution  of  potential 
along  the  series  of  plates  of  the  gap. 

This  potential  distribution  is  shown  graphically  in  Figure  2. 


TJ}-- 


Figure  2 

4  20 


From  this,  we  note  that  the  voltage  applied  to  each  gap  of  the 
series  is  by  no  means  the  same,  but  increases  as  n,  the  number 
of  gaps,  increases.  If  we  denote  the  voltage  between  the  plate 
n  and  plate  n  — 1  by  ?'„,  we  have 

F„  =  P„-P._i=  ^"^  {sin}io.n-sinh  «(n-l)) 
sinha  z 

and  since 

sinhan  —  sinh  a  (n— l)  ^2sinh  -cosh-^ — > 

we  obtain  directly 

a 

sinfiaz  2 

This  expression  can  be  put  into  another  form  which  permits 
us  to  draw  certain  interesting  conclusions.  The  form  referred 
to  is 


max 


'    max  \  J  a 


As  the  number  of  plates  n  increases,  this  expression  approaches 
the  limit 

^•.  =  r„.„,(i-c-«)  (11') 

or 

V      =      '"  (11) 

'  max        -,  _„  \       / 

i  — £ 

The  breakdown  voltage  of  a  given  gas  being  fixed,  we  see 
from  this  that  the  total  voltage  T',„„^  applied  to  a  series  of  gaps 
cannot  be  made  to  exceed  the  value  determined  by  equation 
(11)  above. 

The  increase  in  l)reakdown  voltage  of  a  multi-section  quenched 
gap  with  the  increase  in  the  number  of  .sections  is  shown   in 

Figure  3  for  the  values  of  /.•=-=();  0.000r)2.-);  0.0012.^.  0.002.-); 

0.005;  and  0.01.  It  is  evident  that  the  upper  limit  of  spark  volt- 
age is  reached  for  A- =  0.01  when  /(  =24.  for  A- =  0.005  when  /)  =34, 
and  so  on.  Furthermore,  this  limit  for  A- =  0.01  is  about  10 
times  the  l)reak(lowu  voltage  of  the  short  gap  section;  while 
for  A:  =  0.005  it  is  14.(3  times  the  same  voltage,  and  so  on. 
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The  effect  of  the  flux  leakage  on  the  highest  obtainable  gap 
voltage   of  a   multi-section   discharger  is  more  fully  shown   by 

the  curve  of  Figure  4,  the  abscissas  being  the  ratio  A-  =  — ,  and 

the  orcUnates  showing  the  greatest  attainable  multiple  of  the 
breakdown  voltage  of  a  short  gap  for  a  multi-section  gap  con- 
sisting of  such  short  gaps  connected  in  series. 


Figure  3 


On  considering  the  second  of  the  above-mentioned  possi- 
bilities; namely,  that  of  inductive  coupling  of  the  spark  circuit 
to  the  antenna  circuit,  we  have 


at 


n=0 
V 


^'  =A-hB 


and  at 


n  =  z 


A  s^'+B  s-"' 


'^- 

3;2_L 

w 

_J,  «.G 

.    i>;B                 1.0 

Figure 

3I0 
4 

£0 

',«         8.0  K  loSj 


Therefore 


A  __   '  max   _     ■'■    1^^ 

2        2  sink  a  z 


B  = 


2        2  sink  a  z 

and  the  expression  for  the  potential  of  the   /(-th  plate  takes 
the  form 


P„  = 


a  , 

T^  s:nh-{2n-z) 

*  mnr  1 


sink 


a  z 


(12) 
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This  distribution  of  potential  is  shown  by  the  curves  of  Figure  5, 
these  curves  being  drawn  for  the  same  vakies  of  k,  as  in  Figure 
2 ;  namely,  k  =  0.04 ;  0.03 ;  0.02 ;  0.01 ;  and  0.  By  comparison  with 
Figure  2,  we  see  that  the  distribution  or  gradient  potential  is 
much  more  uniform,  and  that  the  middle  gap  sections  in  this 
case  have  less  stress  on  them,  the  excess  voltages  being  equal  at 
each  end  of  the  series  of  gaps. 


Figure  .5 


For  the  voltage  applied  to  the  gap  section  between  plate  n 
and  plate  n  — 1,  we  obtain 

a. 


^'n  —  i^  n        ^  n  -\—  >   n 


8inh 


sinh 


cosh 


-^(2n-z-l) 


(13) 


The  voltage  of  the  last  gap  of  the  inner  series  will  be 


sinh  - 
Vz  =  V„,ax •  cosh  -{z—l). 

(J.Z  ^ 


sinh 


2 
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Putting  this  under  the  form 


max 


/  „\  -(2-1)  --(2-1) 

(l-£"°)        £^  +£      ^ 

2  "iiz-D  -l{z+\) 


we  see  that  with  increasing  z,  this  tends  toward  the  Umit 


'•2        '   max  n  K'-^  / 


From  this  we  obtain 


yma.=  T^^  (U^ 

Consequent!}',  for  this  case  of  the  inductive  coupling  of  the 
spark  and  antenna  circuits,  just  as  in  the  preceding  case  for 
direct  couphng,  there  exists  an  upper  hmit  to  the  discharge 
voltage  of  the  entire  series  of  gaps.  When  we  are  given  the 
breakdown  voltage  of  the  individual  section  and  the  "flux  leak- 
age," this  limiting  value  is  twice  as  high  in  the  case  of  the  in- 
ductive coupling  as  in  the  case  of  direct  coupling. 

SUMMARY:  The  authors  consider  the  relation  between  the  breakdown 
voltage  of  a  series  of  quenched  gap  sections  and  that  of  a  single  section.  Be- 
cause of  electric  flux  leakage  from  each  plate  to  nearby  plates  and  neighboring 
conductors,  the  relation  of  direct  proportionality  does  not  hold.  The  break- 
down voltage  of  a  number  of  gaps  of  given  length  can  not  be  made  to  exceed 
a  limiting  value,  given  in  the  paper.  The  limiting  value  in  question  is  shown 
graphically  for  various  values  of  flux  leakage  and  breakdown  voltage  of  gap. 
When  spark  circuit  and  antenna  circuit  are  coupled  magnetically,  the 
available  limiting  breakdown  voltage  is  twice  that  for  direct  coupling  with 
one  side  of  the  high  voltage  transformer  grounded. 
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A  STUDY  OF  ELECTROSTATICALLY  COUPLED 
CIRCUITS* 

By 

W.  Orland  Lytle 

(Assistant  Physicist,  Bureau  of  Standards,  Washington,  D.  C.) 

With  a  view  to  justifying  an  extended  investigation  of  electro- 
static coupling — if  such  a  justification  be  needed — let  us  con- 
sider one  application  which  this  kind  of  coupling  might  have 
in  radio  communication.  This  is  the  problem  of  producing 
harmonic  oscillations  in  an  antenna.  The  advantage  of  such  an 
arrangement  is  apparent  to  an  experimenter  who  desires  to  use 
a  large  antenna  for  receiving  signals,  and  yet  who,  on  account 
of  the  law  or  for  other  reasons,  must  use  in  transmitting, 
a  wave  length  which  is  but  a  fraction  of  the  natural,  or  funda- 
mental, wave  length  of  the  antenna  circuit.  If  his  antenna 
circuit  could  be  made  to  oscillate  with  a  wave  length  which  is 
the  first  harmonic  of  the  fundamental,  there  would  be  emitted 
a  wave  which  would  have  onh^  one-third  the  length  of  the  funda- 
mental. If  this  were  not  short  enough  for  the  purposes,  the 
second  harmonic  might  be  used. 

Just  before  private  radio  communication  was  prohibited, 
I  was  able  to  produce  these  harmonics  in  the  antenna  which  had, 
with  the  rest  of  its  circuit,  a  fundamental  wave  length  of  665 
meters.  I  had  time  to  try  only  magnetic  coupling  between 
circuits.  When  the  primary  circuit  of  the  transmitting  set  was 
tuned  to  the  same  wave  length  as  the  fundamental  of  the  antenna 
circuit,  it  was  found  that  the  antenna  circuit  oscillated  funda- 
mentally. (This  statement  is  true,  assuming  that  the  coupling 
between  circuits  is  not  close  enough  to  allow  the  secondary  to 
react  on  the  primary,  thereby  giving  two  waves,  one  above  and 
one  below  the  one  otherwise  expected.)  When  the  primary  circuit 
was  tuned  to  a  wave  length  one-third  that  of  the  fundamental, 
this  first  harmonic  was  obtained  in  the  antenna  with  no  trace  of 
the  fundamental  or  any  other  wave  length.  By  reducing  the  wave 
length  of  the  primary  to  one-fifth  that  of  the  fundamental,  the 
second  harmonic  was  obtained  in  the  antenna. 

♦Received  by  the  Editor,  July  26,  1918. 
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For  the  fundamental,  the  primary  circuit  probably  has  only 
enough  inductance  to  give  the  needed  coupling  to  the  antenna 
circuit,  and  all  the  capacity  possible,  consistent  with  the  wave 
length,  to  keep  the  energy  of  the  circuit  at  a  high  value,  having 
a  fixed  potential  available.  Now  if  we  wish  to  produce  the  first 
harmonic,  we  must  reduce  the  product  of  inductance  and  capacity 
to  one-ninth  its  value  for  the  fundamental.  But  since  our 
inductance  is  already  no  more  than  we  need  for  our  magnetic 
coupling,  it  must  be  the  capacity,  and  consequently  the  energy 

of  our  system  which  is  reduced,  since  W  =  -CV'-. 

Electrostatic  coupling  between  the  circuits  offers  a  solution 
to  this  problem,  for  we  can  then  reduce  the  inductance  without 
affecting  either  the  coupling  or  the  energy  of  the  circuit. 

So  it  was  that  the  foregoing  work  seemed  to  lead  logically 
to  a  study  of  the  characteristics  of  electrostatic  coupling.  Mr. 
Laurens  E.  Whittemore  of  the  Physics  Department  of  the 
University  of  Kansas  was  just  beginning  such  a  study,  and  so 
we  carried  on  the  work  together. 

Our  purpose  in  this  research  was  first  to  investigate  the 
mathematical  theory  of  electrostatically  coupled  circuits  and  to 
test  experimentally  the  truth  of  the  conclusions  drawn,  and 
secondly  to  study  by  means  of  the  Braun  tube  and  sustained 
oscillations  the  relations  existing  between  the  variables  in  the 
electrostatically  coupled  circuits  using  various  values  for  the 
coefficient  of  coupling. 

E.  Bellini^  has  worked  out  the  mathematical  theory  of  the 
general  case  of  electrostatically  coupled  circuits,  such  as  in 
Figure  1,  by  solving  the  differential  equations  which  may  be 
set  up  for  the  circuits  from  Kirchoff's  laws.  Mr.  Whittemore 
took  the  easier  way,  and  solved  the  equations  set  up  in  complex 
notation  form.     I  will  merelv  outline  Mr.  Whittemore's  work. 


Indiictance 


Induotance 


'X"  J  -a 

Figure  1 — Electrostatically  Coupled  Circuits 


I'^LaLumiere  Electrique,"  volume  32,  page  241,  1916. 

42S 


The    equations    for    potential    drops    and    currents    in    the 
primary,  secondary,  and  intermediate  circuits  are  the  following: 

\  JP2  C-2/         J  ?)2  Co 


jpiCi'     jp-iCs     jpzCi      JP2C2 
^/  =  ^^  +  ^3 

Assuming  that  pi  =  p-2^p-i,   equating  the  determinant  to  zero^ 
and  solving  for  pp- 

/.,     1/    1      .      1 
p- 


2  \L/iGi      LiiGi 


h(  1 

L,aJ 

1              l^e 

i\L,Cn 

Z/1G1JL2G2 

^         2\L,G,     LoGJ     ^  4\LiGy      L2G2/       L1G1L2G2 
where  -'^  _  ^    1  J_  _  ^t 

and  l  =  _l_i_i__A 

Gr2         C2         C2  t/2 

/i-/=K;7-^  ,  j  G1G2  where  A-^  is  the  coefficient  of  coupling. 

Taking  the  special  case  where  the  frequencies  of  the  two  circuits 
are  the  same  before  coupling 

1  /I    ,    1  \       1/1,1 


Li  \C\  +  C  J  ~  L2  [C2  +  C2')  "  ^  " ''' 
where  m  is  the  natural  fr(>quency  of  each  circuit:  from   which 
we  get 

p'  =  2~  n 

^  =^""'^'-l.c2-"l;c2- 

/_'         /I -A', 
/' 
When  the  frequencies  of  the  two  circuits  are  the  same  after 
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^/         '  where  //  and  //'  are  wave  lengths. 

\1+A-. 


coupling,  that  is,  when  each  circuit  is  tuned  to  the  same  wave 
length   with  the  intermediary  coupling  condensers  connected, 

and  we  get 


P 


//_     ;1+A'e 
7i'  =  n\/l-\-ke    or    '  =  / 


X 


Vl+A-, 


=  n  \/l  —  ke  or  /' 


Vl-A'. 

In  both  cases,  the  shorter  wave  corresponds  to  the  natural 
freciuency  of  one  of  the  single  circuits  without  the  co\ipling 
condenser. 

To  comply  with  the  condition  that  each  circuit  have  the  same 
frequency  before  coupling,  we  excited  each  circuit  separately 
(when  the  coupling  capacities  were  not  connected),  by  a  spark 
gap  and  transformer,  and  tuned  each  to  the  desired  wave  length, 
as  determined  by  a  resonating  wave  meter.  The  circuits  were 
then  connected  electrostatically  and  the  system  excited,  using 
a  spark  gap  in  one  circuit.  The  waves  present  in  each  circuit 
were  determined  with  the  wave  meter. 

For  the  other  condition,  we  tuned  each  circuit  when  the  other 
circuit  was  broken  at  some  point  other  than  between  the  coup- 
ling connections.  The  connections  were  then  made  and  the 
wave  lengths  in  each  circuit  determined.  The  theory  was 
tested  for  the  extreme  values  of  coupling  as  well  as  for  a  niunber 
of  intermediate  values.  We  sometimes  increased  capacities 
conveniently  by  mereh^  short-circuiting  the  condenser. 


430 


jC          ^             - 

"-<  ""^ 

o   —   c^i   re   I'T   t^   ~ 

^      '-      ^      ^      r^      ^      (M 

Ol    CO    — 1" 

^ 

^ 

w 

-^ 

-^ 

^ 

.2S 

rv; 

^^ 

o  — 1  c^j  CO  -f  Lf  CO 

r-   X   cr.   o 

c^ 

C 

^ 

^^ 

E^ 

1 

.Sf 

O 

r^ 

f^ 

1—1 

^ 

<; 

'M            Ol                            -t 

O            O    Ol                    CO    Ol 

^^-H 

^ 

*^ 

t^            (M                            -^ 

!M             t^    X                     CO    C-t 

O 

^-^ 

•X 

00         r^                    ic 

lO            -f    lO                    04    Oi 

r^ 

s- 

r^ 

,^ 

r 

.,"~ 

O                 t^                                        LT 

5        X  —             —  X 

i- 

*v 

wi                   ^                                            O 

X 

'^ 

(M           '^                          ^ 

CO        ?i  CO              ?j  ^' 

^ 

r; 

> 

f 

o 

ci 

-^ 

w' 

rt 

i/ 

^ , 

CO    00   -f    O'    -sC    >-o    t^ 

t^  -^   cr.  X  oi  -.r;  —  X  <m 

>^ 

-fc^       1 

1—    t^    t^    O    iM    Ol    -t 

LO    t^    t^    LO    -!-    —    C^l    ^    (M      „      „      „ 

ri 

"^^  r  ■^ 

CO      T-H      T-H      ,-^      ,-^      r-1      ^ 

8     8     8     8 

"? 

> 

^ 

o 

X 

^ 

Q 

00  t^  c^  uo  00  i-o  t^ 

uO    LO    O    tC    CO    LO    LO    I^    CO 

;^ 

^ 

O    (M    C^    (N    LO    lO    C: 

-^  —  01  t^  LO  i^  Ci  CO  't    8     8     8     8 

O 

•^ 

C:    t^    t^    lO    CO    CO    LO 

t"    lO    L-O    -t^    LO    CO    '^    (M    (M 

« 

o 

<4-i 

Q 

H 

o3 

> 

^O 

^ 

O    t^    -^    iC    lO    iC    i-O 

•-r;    C:   —    o    c;   Ol   O   O   X   «-0   X   C:   t^ 

*^  ^ 

C5   O    ^    (N    'X    X    c: 

~   c;   r:  3   ~  oi  ^  o  c:  oi  i^  uo  i-o 

W 

'"^ 

(M    Tji    Tf    LO    (M    Ol    -t- 

Ol    CO    C^l    CO    CO    CO    ^    (M    "    C^l    (M    —    — 1 

^ 

02 

PQ 

§ 

O 

*o   to 

Xf 

'O    lO 

<l-4 

lO    lO 

■^ 

■    O               •    1^ 

■    CO    O    O    (M    O    >C       -1^                   X 

•V 

■      y-^                       ■      ^^ 

•   :C   t-o  lO  Tf   ic   -—      ■   —                — 

•  lO     •      -CO 

■cocO'+co'^fCM      -co              c^ 

t^    CO 

^, 

^ 

CO  — 

o 

^l 

^« 

r 

r-i 

O    O    O    O    O    O    Ol 

-il' 

00    to    lO    O    (N    (M    ?0 

^icio^^oi^)__2   =  2o 

----I 

The  curve  (Figure  2)  gives  a  good  comparison  of  observed 
and  calculated  values.  We  see  that  as  our  co-efficient  of  coup- 
ling, /.v  approaches  more  and  more  closely  to  unity,  one  wave 
length  approaches  infinity  under  both  conditions  of  tuning. 
When  the  circuits  are  in  tune  after  coupling,  while  the  one  wave 
length   approaches   infinity,    the   other   approaches   zero.     But 
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Figure  2 


in  the  case  of  tuning  before  coupling,  we  have  one  wave  always 
the  same,  while  the  other  approaches  infinite  length  with  no 
energy  content.  This  is  surely  an  ideal  state  of  things,  since 
we  can  then  transfer  nearly  all  the  energy  of  the  primary  to  the 
secondary  and  yet  have  that  energy  in  only  one  wave. 

The  Braun  tube  method  of  studying  the  arc  phenomena  of 
single  circuits  is  not  by  any  means  new,  but  we  are  reasonably 
sure  that  the  effects  produced  by  electrostatically  coupling  a 
secondary  circuit  have  never  been  investigated  by  this  method. 

Professor  Simon^  explored  the  "dynamic  characteristic" 
of  an  alternating  current  arc  by  means  of  a  Bi-aun  tube  arranged 
so  that  the  cathode  ray  pointer  was  deflected  horizontally  by 
the  arc  current  and  vertically  by  the  potential  difference  across 

^^:.'F^--.^™°^'  "Phy3.  Zeitsr-hr.,"  volume  6,  page  297,  1905;  volume  7, 
page  423,  1906.  jo,,  , 
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the  arc.  The  closed  curve  he  o}:)tains  is  of  the  form  of  Figure 
3  and  shows  a  phenomenon  called  "arc  hysteresis."  This  shows 
very  clearly  how  the  variables  are  related  and  that  the  arc 
actually  has  a  falling  characteristic.  In  1900,  Mr.  DuddelP 
showed  that  a  direct  current  arc  gave  out  a  musical  note  when 
it  was  shunted  by  a  condenser  and  an  inductance,  both  of  proper 
proportions.  The  most  extensive  and  valuable  study  of  the 
dynamic  characteristics  of  the  oscillating  arc  was  made  by 
Simon  and  his  students. 


Figure  3 


Mr.  Hidetsugu  Yagi^  has  investigated  the  reacting  effect 
of  a  magnetically  coupled  secondary'  circuit  on  the  oscillation 
of  a  carbon  arc.  In  our  experiments,  we  are  substituting  known 
values  of  electrostatic  coupling  for  his  magnetic  coupling. 

There  are  three  types  of  oscillations  which  may  be  obtained 
with  an  arc.  If  there  were  no  oscillations  the  current  thru  the 
arc,  ?o,  would  be  nearly  constant.  The  condenser  discharge 
thru  the  arc  tends  to  superpose  a  sinusoidal  current  and  make 
the  current  pulsating.  So  long  as  ?„  is  largei'  than  the  ampli- 
tude of  pulsation,  there  is  no  extinction  of  the  arc,  and  the 
oscillation  is  said  to  be  of  the  "first  type."  The  oscillation  of 
this  type  is  generally  obtained  in  musical  arcs.  When  the 
fluctuation  becomes  larger  than  /„,  there  will  be  a  period  of  zero 
current,  and  the  arc  will  be  extinguished  for  a  moment.  If  the 
arc  extinguishes,  a  constant  current,  /„,  will  flow  into  the  con- 
denser and  charge  it  up  until  its  potential  becomes  sufficiently 

3W.  Duddell,  "Journal  I.  E.  E.,"  voluino  30.  paRc  232,  1900. 

■t  Hidetsugu  Yagi,  "Proc.  Inst.  Radio  Kniirs.,"  voluino  4,  i)a}io  371,  1916. 


high  to  cause  the  next  discharge  across  the  arc  gap.  This  is 
called  the  "oscillation  of  the  second  type,"  and  is  most  readily 
obtained  in  practice  at  radio  freciuencies,  especially  when  there 
is  any  dissimilarity  of  electrode  material.  If  the  terminal 
potential  difference,  which  becomes  reversed  at  the  extinction, 
is  large  enough  to  cause  a  discharge  across  the  gap,  it  will  light 
a  small  arc  in  the  opposite  direction.  The  oscillation  with  this  re- 
verse discharge  is  of  the  third  type.  The  three  types  are  diagram- 
matically  represented  in  Figure  4,  as  taken  from  ^Vlr.  Yagi's  paper. 
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Figure  4 


As  the  second  type  of  oscillations  are  used  in  radio  communi- 
cation, we  have  used  this  type  in  our  stud\'. 

In  our  experimental  work,  we  studied  the  relations  between 

d  i 
(1)    -z~,  and  I  in  the  primary,  where  i  is  current;    (2)  potential 
at 

difference  across  condenser  in  secondarj%  and  primary  current; 

(3)  /  in  secondary,  and  /  in  primary;  (4)  potential  difference 

across  arc,  and  secondary  i:  ib)    ~,  and  io;  (6)  potential  differ- 

d  t 

ence  across  arc,  and  /  in  the  primary,  which,  however,  was  not 
veiy  successful  because  our  Braun  tube  was  not  constructed  so 
as  to  give  us  the  necessary  amplitude  for  our  potential  deflec- 
tions. Before  beginning  the  above  studies  in  electrostatic 
coupling,  we  reproduced  some  of  Mr.  Yagi's  work  with  mag- 
netic coupling  in  order  to  be  sure  that  the  apparatus  was  being 
used  in  the  proper  way  and  to  accustom  ourselves  to  the 
necessary  manipulations. 

Figure  5  shows  diagrammatically  the  arrangement  of  appara- 
tus for  our  work,  as  used  with  the  various  connections.  We  shall 
call  the  circuit  shunting  the  arc  the  primary  circuit.  Our  first 
experimental  problem  was  to  construct  an  arc  which  would 
give  us  fairly  persistent  oscillations  in  our  shunt  circuit.  They 
had  to  be  steach'  enough  to  produce  a  figure  on  the  Braun  tube 
screen    which    could    be    photographed.     After    many   trials    of 
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Figure  5 


different  arrangements,  and  failures,  we  finally  used  the  enclosed 
arc  shown  in  the  diagram  with  fair  success.  The  negative 
electrode  was  a  solid  carbon  rod  about  one  centimeter  (0.4  inch) 
in  diameter  with  its  end  filed  off  flat.  This  last  is  necessar^v  to 
keep  the  arc  from  varying  in  length  as  it  moves  around.  The 
carbon  should  be  rotated  slowly  to  prevent  the  arc  from  iDurning 
away  one  point  on  the  carbon;  but  we  did  not  do  this,  as  we 
found  it  sufficient  to  turn  the  carbon  part  way  around  once  in 
a  while,  or  to  substitute  a  new  carbon.  Sometimes  we  used  a 
longitudinal  magnetic  field,  which  caused  the  arc  to  rotate  about 
the  axis  of  the  carbon.  The  transverse  magnetic  field  produced 
more  vigorous  oscillations  but  generally  not  such  steady  ones 
as  no  field  at  all. 

The  arc  was  enclosed  in  a  porous  cup  which  was  proper!}^ 
closed  with  asbestos,  and  provided  with  a  peep  hole  for  the 
adjustment  of  the  arc,  and  with  an  alcohol  drip.  A  flame 
from  a  bimsen  burner  kept  the  porous  cup  hot  so  that  the 
alcohol  which  dripped  down  on  the  inside  was  quickly  vapor- 
ized. The  alcohol  vapor  seemed  necessary,  for,  as  soon  as 
the  alcohol  gave  out  the  oscillations  stopped.  This  alcohol 
vapor  has  the  effect  of  steepening  the  characteristic  curve  of 
the  arc. 

Our  Braun  tube  did  not  have  some  features  which  we  wanted 
but  we  used  it  as  it  was.  There  was  only  one  diafram  in  the 
tube,  tho  there  should  have  been  two  to  make  the  spot  on  the 
screen  small  and  clearly  defined.  A  focusing  coil  placed  as 
indicated  in  the  drawing  helped  us  greatly  in  obtaining  a  bright 
and  fairly  well  defined  spot.  The  strength  of  the  field  of  this 
coil  and  its  dircu'tion  had  to  l)e  adjustt^d  by  ex])erim(Mit  for  the 
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best  effect.  We  were  troubled  by  the  jumping  of  the  beam, 
due  probably  to  the  accumulation  of  charges  on  various  parts 
of  the  tube,  until  we  partially  covered  the  large  end  of  the  tube 
with  tinfoil  and  put  a  strip  of  foil  around  the  tube  close  to  the 
positive  electrode,  grounding  each  of  these  foils  along  with  the 
positive  electrode.  Current  deflections  were  obtained  by  pass- 
ing the  current  thru  two  coils  placed  on  opposite  sides  of  the  tube 
so  that  their  magnetic  fields  would  add.  In  our  experiments 
two  coils  of  twenty  turns  each  were  used  in  series.  For  poten- 
tial deflections,  a  couple  of  metal  plates  were  held  as  close  as 
possible  to  the  tube  and  on  opposite  sides.  If  our  plates  had 
been  sealed  into  the  tube  we  would  have  been  able  to  get  larger 
deflections  for  the  potentials  used — a  thing  which  we  often 
needed.  For  operating  the  tube  we  used  a  two-plate  Wimshurst 
electrostatic  machine  driven  ]:)v  a  motor. 
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Placed  a  little  to  one  side  of  the  tube,  and  focused  on  the 
front  of  the  screen,  we  had  our  camera.  With  an  f.-6.3  anastig- 
mat  lens  and  Cramer's  "Isochromatic"  plates,  an  exposure  of 
from  one-fifth  to  three-fifths  of  a  second  was  sufficient  for  good 
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photographs.  Once  in  a  while  we  thought  our  plates  showed 
the  effects  of  x-rays,  probably  from  the  aluminum  diafram  in 
the  tube. 

The  ammeters  used  in  the  two  oscillatory  circuits  were  of 
the  hot  wire  type,  each  being  calibrated  with  the  line  ammeter 
and  direct  current.  However,  as  the  secondary  current  meter 
was  burned  out  just  preceding  its  calibration,  it  was  calibrated, 
using  a  wire  and  shunt  as  nearly  like  the  original  as  possible. 
At  any  rate,  even  if  the  values  thereby  given  are  only  approxi- 
mate, we  know  relative  values  from  the  readings. 

The  inductance  in  each  circuit  aside  from  that  in  the  deflec- 
tion coils  was  in  the  shape  of  a  spiral.  The  capacity  was  made 
up  of  sections  of  Murdock  molded  condensers  of  approximately 
0.0017  microfarads  capacity  each.  The  capacities  of  all  sections 
were  assumed  equal  when  the  coefficient  of  coupling  was  cal- 
culated. A  variable  air  condenser,  with  a  capacity  at  fifty-five 
scale  divisions  equal  to  that  of  one  section  of  condenser,  was  used 
with  the  coupling  capacity  to  make  the  coupling  continuously 
variable. 

When  the  switches  shown  in  the  secondary  circuit  are  thrown 
towards  the  spark  gap,  we  have  a  means  of  exciting  oin*  second- 
ary for  tuning  purposes.  The  wave  meter  consisted  of  an  in- 
ductance in  series  with  a  variable  air  condenser  calibrated  for 
wave  lengths.  A  low  pressure  hydrogen  tulje  was  connected 
across  the  terminals  of  the  inductance  or  condenser,  to  indicate 
maximum  potentials  in  the  circuit. 

On  the  line  side  of  the  arc,  there  was  some  dead  resistance 
for  controlling  the  current  thru  the  arc,  as  well  as  a  large  intluc- 
tance  in  each  line  to  prevent  oscillations  from  the  shunt  circuit 
from  getting  into  the  line.  The  inductance  in  each  line  was 
the  secondary  of  a  commercial  house-supply  transformer.  As 
an  additional  precaution  against  the  oscillations  getting  back 
into  the  line,  three  incandescent  lamps  were  placed  in  series 
across  the  line. 

In  our  work  we  found  it  very  convenient  to  short-circuit 
Ci,  Cs,  and  Co,  and  to  use  one  section  of  condenser  for  C/,  and 
C'2  each,  leaving  C3'  for  varying  the  coupling.  With  this  arrange- 
ment and  with  all  the  capacity  we  had  available,  the  coui^ling 
could  be  varied  from  zero  to  over  ninety  per  cent. 

In  each  case,  we  were  careful  to  have  our  circuits  tuned  so 
that  they  satisfied  the  condition  of  resonance  before  coupling. 
The  wave  length  of  an  oscillation  in  the  primary  circuit,  which 
seemed  to  be  readily  reproduced,  was  determined  and  the  second- 
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ary  was  tuned  to  that,  without  the  coupHng,  by  means  of  the 
spark  gap  and  transformer.  Now,  according  to  the  theory 
which  we  have  verified  in  the  first  part  of  this  work,  we  should 
always  have  this  original  frequency  in  each  of  the  circuits  no 
matter  what  the  value  of  the  coupling.  Therefore,  after  coup- 
ling, we  placed  the  wave  meter  near  the  primary  circuit  and 
adjusted  the  arc  until  the  tube  on  the  meter  glowed  when  the 
instrument  was  set  for  the  original  wave  length. 

The  same  procedure  was  used  in  obtaining  each  series  of 
relations  between  variables.  Having  our  deflecting  coils  and 
plates  on  the  tube  properly  connected,  we  began  with  zero  coup- 
ling l)etween  the  circuits  and  increased  to  the  maximum  coup- 
ling, taking  photographs  as  we  proceeded  wjienever  we  got  a 
new  figure  or  a  great  change  in  a  preceding  one.  As  each  photo- 
graph was  taken,  Ave  noted  the  value  of  the  coefficient  of  coup- 
ling and  the  primary,  secondary,  and  line  currents.  For  the 
two  current  deflections  we  used  two  sets  of  coils  at  right  angles 
on  the  tube,  which  coils,  so  far  as  our  work  was  concerned, 
had  practically  no  mutual  inductance  (as  we  found  b}-  test). 

The  following  ta])le  gives  in  the  rows  the  series  with  the 
same  varial)les  while  the  columns  give  those  figures  of  the  dif- 
ferent series  with  approximately  the  same  coupling.  Since  a 
figure  generally  evolved  gradually  into  the  next  figure  taken  in 
that  series  we  can  easily  "interpolate"  figures  to  fill  out  some  of 
our  columns,  if  we  care  to  develop  the  set  of  figures  with  any 
certain  coupling. 
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Figure  60 


SUMMARY:  The  foregoing  paper  tells  first  of  an  investigation  of  the 
mathematical  theory  of  electrostatically  coupled  circuits,  and  of  the  experi- 
mental verification  of  the  conclusions  drawn;  and  second,  of  the  study,  by  means 
of  the  Braun  tube  and  sustained  oscillations,  of  the  relations  existing  between 
the  variables  in  the  electrostatically  coupled  circuits  using  various  values 
for  the  coefficient  of  coupling. 

It  is  found  by  theory  and  also  by  experiment  that  by  one  method  of  tuning, 
as  the  circuits  are  coupled  closer,  one  wave  length  remains  constant  while 
the  other  approaches  infinity,  thereby  concentrating  an  increasing  proportion 
of  the  energy  in  the  one  wave.  It  is  shown  by  curves  and  by  Braun  tube 
figures  that  when  the  ratio  of  the  two  wave  lengths  is  a  whole  number,  the 
root-mean-square  value  of  the  current  is  a  maximum. 

A  number  of  Braun  tube  photographs  are  given  to  show  the  relations 
between  the  various  currents  and  voltages  in  the  circuits. 
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THE   DESIGN   OF   POULSEN   ARC   CONVERTERS   FOR 
RADIO  TELEGRAPHY* 

By 

Leonard  F.  Fuller,  Ph.D. 

(Assistant  Manager,  Ohio  Insulator  Company,  Barberton,  Ohio;  P"or- 

MERLY    Chief    Electrical    Engineer,    Federal    Telegraph    Company, 

San  Francisco,  California) 

Preface 

Neither  time  nor  space  permit  a  really  thoro  discussion  of 
the  technique  of  arc  design.  In  this  paper,  I  have  endeavored 
to  present  those  electrical  and  magnetic  features  of  basic  im- 
portance and  major  interest. 

Past  literature  has  generally  dealt  only  with  the  electrical 
characteristics  of  the  Poulsen  arc  from  the  viewpoint  of  the 
scientist  in  the  laboratory.  I  have  tried  as  far  as  possible  to 
discuss  these  characteristics  from  the  viewpoint  of  the  designing 
engineer.  This  different  method  of  treatment  has  made  it 
possible  to  inject  new  material  into  the  theory  of  operation. 

Those  portions  of  the  paper  dealing  with  magnetic  matters 
contain  new  material  also,  some  of  which  is  of  basic  importance 
in  the  proper  and  economical  propoi'tioning  of  the  bi-polar 
electro-magnets  which  have  been  liuilt  in  sizes  up  to  80  tons 
(72,700  kg.)  dead  weight. 

This  paper  will  be  followed  by  another  describing  the  direct 
current  generating  equipment,  control  api:)aratus,  and  other 
matters  of  engineering  interest  connected  with  high  power 
stations. 

At  present,  a  high  power  station  may  be  defined  as  one  in 
which  the  antenna  cui'rent  exceeds  150  amperes  vmder  ordinary 
conditions  of  ground  resistance,  and  so  on.  Modern  100  kilowatt 
converters  operate  at  150  amperes  radiation  continuously  with 
a  temperature  rise  not  in  excess  of  40°  C.  in  anj^  pait. 

Historical 

The  negative  sloj^c  of  the  volt-ampere  characteristic  of  the 
direct  current  electric  arc  makes  it  a  possil)lc  means  of  obtaining 
radio  frequency  currents. 

In  the  early  days  of  radio  telegraphy,  before  the  advantages 

*  Received  by  the  Editor,  February  13,  1919. 
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of  continuous  waves  were  generally  realized,  several  types  of 
arcs  were  devised  for  producing  continuous  oscillations,  but 
due  to  inherent  limitations  and  the  difficulties  of  development, 
no  marked  progress  was  made  in  their  design  until  1913,  when 
tests  of  the  United  States  Nav}^  Department  from  the  Arlington 
Station  showed  that  continuous  waves  should  be  considered  very 
seriously  in  the  radio  telegraphy  of  the  future.  This  created 
the  demand  required  to  expedite  development,  and  the  arc 
operating  upon  the  basic  ideas  of  ^"aldemar  Poulsen  has  been 
rapidly  developed  since  that  time.  No  notable  advances  have 
been  made  with  arcs  of  other  types.  This  is  probably  due  to 
the  fact  that  the  mechanical  and  electrical  problems  involved 
are  severe,  and  further  because  the  Poulsen  electrical  cycle 
is  admira))ly  suited  for  converting  large  amounts  of  direct  cur- 
rent electrical  energy  into  radio  frequency'  energy. 

The  developments  of  the  last  five  and  a  half  years  have 
advanced  this  arc  from  converters  of  30  kw.  normal  full  load 
rating  to  1.000  kw.  units  with  25  per  cent.  2-hoiu'  overload 
capacity.  Most  of  this  development  has  occurred  within  the 
last  3  years. 

General 

The  theory  of  the  operation  of  the  Poulsen  cycle  has  been 
studied  by  a  large  number  of  investigators.  Very  complete 
bibliographies  of  this  literature  are  given  in  Zenneck's  "Lehrbuch 
der  Drahtlosen  Telegraphic"  and  Pedersen's  article  "On  the 
Poulsen  Arc  and  Its  Theorj',''  Proceedings  of  the  Institute 
OF  Radio  Engineers,  volume  5,  number  4. 

The  theory  of  operation  described  herein  is  based  upon  the 
theories  of  man}'  investigators,  notably  those  of  Barkhausen 
and  Pedersen,  combined  with  certain  conclusions  of  the  writer. 

The  Poulsen  Arc  Converter  Cycle 
The  arc  radio  frequency  cycle  may  be  divided  into  two  halves. 
The  first  is  that  during  which  the  radio  frequency  current  Is  is 
circulated  by  emf.  set  up  b}^  energy  stored  in  the  L  and  C.  The 
second  is  the  energy  adding  period  during  which  /,,  is  circulated 
by  emf.  set  up  by  energ}-  from  the  d.c.  supply  circuit.  This 
may  be  termed  the  "charging  period." 

Referring  to  Figure  1,  the  starting  of  the  d.c.  generator 
charges  the  condenser  Cs  to  the  potential  Ed.  When  the  arc 
is  struck,  direct  current  Id  flows  thru  it  in  the  direction  of  the 
arrow,    forming    one    component   of   the    arc    current   h.     The 
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other  component  is  the  discharge  current  7s  from,  the  condenser 
Cs,  thus: 

Id  =  ia—is  (instantaneous  values)  (1) 

Due  to  the  fact  that  arc  flame  conductivity  is  dependent 
upon  gas  ionization,  it  is  dependent  upon  gas  temperature,  and 
hence  h,  the  current  thi'u  the  arc.     Thus  as  is  and  in  increase 


D.C.Gen. 


Figure  1  — Diagram  of  Circuits 


as  shown  in  Figures  2  and  3,  the  conductivity  of  the  arc  flame 
is  raised.  This  causes  a  further  increase  in  is  until  finally  the 
peak  of  the  is  curve  is  reached  at  "b."  At  this  point  the  energy 
which,  at  the  beginning  of  the  cycle  was  stored  in  Cs  as  potential 
energy,  has  been  completely  changed  to  kinetic  energy  stored 
in  the  magnetic  field  of  the  inductor  L.s.  The  condenser  charge 
is  therefore  zero,  and  the  currents  is  and  /,,  are  a  maxi- 
mum. 

The  magnetic  field  of  Ls  now  begins  to  collapse.  This  con- 
tinues to  make  current  flow  in  the  same  direction.  The  process 
continues  until  the  point  "c,"  Figure  2,  is  reached.  Condenser 
Cs  is  now  fully  charged  in  the  polarit}^  opposite  to  its  initial 
charge,  and  the  energy  in  the  oscillatory  circuit  is  once  again 
in  the  potential  form. 

The  condenser  now  begins  to  discharge,  and  the  second  half 
of  the  radio  frequency  cycle  begins.  During  this  half  cj'cle, 
energ}-  from  the  d.c.  circuit  is  supplied  to  the  oscillatory  circuit. 
Current  leaving  the  condenser  does  not  pass  up  tiuu  the  arc, 
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forming  a  portion  of  /.  as  in  the  preceding  iialf  cycle,  but  par,3  3 
thru  the  d.c.  circuit  in  accordance  with  the  equation: 

j^=  l^^j^i^  (instantaneous  vahies)  (2) 


Figure  2. 


Figure  7 


Figure  5 


Figures  2-8 


zer 


"i  As  /.  increases  toward  "rf,"  Figure  3  shows  that  /«  approaches 
„..o,  and  at  ''/h"  it  has  been  reduced  to  such  a  low  value  that 
the  stream  of  ions  forming  the  arc  flame  starts  to  rupture  under 
the  influence  of  the  magnetic  field.  This  continues  to  the  point 
"o,"  at  which  the  arc  is  completely  extinguished  and  la  is  zero. 

Thus: 

Ia  =  is  (instantaneous  values)  \'^) 


The  next  instant  /«  decreases  from  "c"  toward  the  point  "n." 
Therefore  there  is  a  shght  reduction  in  Id  (Figure  7)  which 
induces  an  emf.  Ej^,/  between  the  terminals  of  the  inductance 
L,i  in  the  d.c.  circuit.  This  surge  has  a  much  steeper  wave  front 
than  the  sinusoidal  radio  freciuency  oscillations  and  is  unaljle 
to  force  its  way  beyond  the  first  few  turns  of  L.,.  The  resultant 
increase  in  voltage  across  the  arc  is  sufficient  to  jump  the  gap 
between  the  electrodes  and  re-establish  la-  This  occurs  at  "n," 
and  more  and  more  /,/  is  shunted  off  thru  the  u  path  as  is  ap- 
proaches zero  at  "e." 

The  point  "e"  is  at  the  beginning  of  a  second  cycle  identical 
with  that  just  described,  with  the  exception  that,  whereas  at 
"a,"  the  potential  Ec  across  Cs  was  only  that  of  Ed,  at  "e"  it  has 
been  augmented  by  the  discharge  of  Ls  also.  Thus,  when  the 
arc  is  first  started,  there  is  a  transient  period  extending  over 
several  cycles,  during  which  the  peak  of  Ec  for  each  succeeding 
cycle  is  constantly  increased  until  a  stable  condition  is  reached, 
which  depends  solely  upon  the  resistance  of  the  radio  freciuency 
circuit,  all  other  conditions  remaining  constant.  Thereafter 
the  effective  value  of  Ec  may  ))e  computed  by  the  well  known 
equation: 

The  Arc  Voltage  Ea 

Altho  7.S  is  sinusoidal  and  /«  is  a  sinusoidally  pulsating  uni- 
directional current,  the  voltage  across  the  arc,  Ea,  has  a  jagged 
wave  form.  When  is  is  at  "a"  and  the  arc  is  struck  by  bringing 
the  electrodes  together,  Ca  takes  a  certain  value  as  shown.  Due 
to  the  drop  in  arc  flame  resistance  produced  by  increasing 
current  and  because  the  flame  resistance  drops  at  a  rate  greater 
than  the  first  power  of  the  current,  Ca,  which  equals  /•„  ia,  de- 
creases with  an  increase  in  ia  as  previously  described.  This  is 
the  reason  for  the  dip  in  the  Ca  curve  and  illustrates  the  well 
known  falling  characteristic  of  the  arc.  As  ia  approaches  zero, 
ea  increases  up  to  the  extinction  point  "//(."  Then  comes  re-ig- 
nition at  "n"  and  ea  drops  as  gap  ionization  increases.  The 
cycle  then  repeats  itself. 

As  Pedersen  points  out,  there  is  not  necessarily  much  differ- 
ence in  the  amplitude  of  the  voltage  peaks  "m"  and  "/t"  because 
the  arc  is  burning  from  points  back  on. the  electrodes  at  "y»" 
and   is,   Ihci'ofore,   long,   while  at  "/?"  the  voltage  is  only  that 
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necessary  to  jump  the  gap  between  the  electrodes  at  their  nearest 
point. 

The  ignition  voltage  at  "/i"  is  of  course  dependent  upon  the 
ionization  m  the  gap  at  that  time.  This  ionization  is  controlled 
by  the  magnetic  field  strength,  but  inasmuch  as  the  field  has  had 
the  opportunity  of  scavenging  the  gap  for  a  time  prior  to  igni- 
tion, slight  changes  in  its  strength  are  not  likely  to  make  as 
much  difference  in  the  amplitude  of  the  voltage  peak  at  "n'"  as  at 
"m,"  because  during  the  period  leading  up  to  the  peak  "m"  the 
gap  has  been  constantly  supplied  with  new  ions  which  were 
blown  out  of  it  by  the  magnetic  field.  Hence  slight  changes 
in  field  strength  probably  make  a  greater  difference  in  the  ex- 
tinction voltage  than  in  that  of  ignition. 

During  the  period  "a  be,"  Figure  2,  €a  at  anj-  instant  equals 
Ta  ia  where  ?a  is  the  varj-ing  resistance  of  the  arc.  Xo  simple 
law  is  followed  from  "c"  to  *'e,"  because  of  the  points  ''m"  and 
"n."  During  the  period  "a  6  c,"  €a  opposes  is,  which  is  a  com- 
ponent of  ia.  For  maximum  /«  it  is,  therefore,  desirable  to  have 
Ea  a  minimum  during  this  period.  However,  thru  "c  d  e''  it  is 
desirable  to  have  the  effective  value  of  the  Ea  wave  a  maximum, 
provided  the  "w"  and  "n"  peaks  do  not  cause  too  great  distor- 
tion. Thus  for  a  complete  cycle  the  effective  value  of  the  Ea 
wave  useful  in  circulating  Is  is  the  effective  value  during  the  period 
''c  d  e"  minus  the  effective  value  during  the  period  ''a  be." 

The  equivalent  sine  wave  of  in-phase  emf.,  which  we  may  term 
E^,  is  that  which  has  the  same  effective  value  as  the  difference 
between  the  effective  values  of  the  two  halves  of  the  Ea  curve 
above  mentioned.  This  is  obviously  the  voltage  drop  across 
Rs,  that  is  Rs  Is.     It  is  shown  in  Figure  .5. 

The  peak  value  of  e^^Eda  (Eda  =Ed  minus  the  R  I  drop  in  the 
d.c.  circuit)  because  experiments  show  that  when  the  magnetic 
field  strength  is  of  the  proper  value  and  the  arc  is  operating  under 

good  conditions  its  effective  direct  current  resistance,   -y-^   equals 

Id 

the  resistance  Rs  of  the  oscillatory  circuit. 
Since  E^  =  RsL, 

substituting  E.=^  •  -^  =  ^ 

la      V2      \/2 

Hence  Eda  =  e^  (peak)  (o) 

Figures  9  and  10  give  experimental  proof  of  the  foregoing. 

Thej^  are  plotted  from  data  taken  at  two  high  power  stations. 

Altho  the  wave  form  of  Ea  is  not  sinusoidal,  it  is  possible  to 
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resolve  it  into  components  which  may  be  easily  treated  analyti- 
cally. 


R,  Meorurid 


ANTENNA    RE5l3T4hCE 


A  ~  Wave   Lenpth  ~   Kilomerers 
I'lGUHK   y 


These  components  are: 

(1)  Eda  maintained  by  the  d.c.  generator. 

(2)  A  sinusoidal  iini-directional  pulse  occurring  once  per 
radio  frequency  cycle. 

Figure  6  shows  the  superposition  of  these  components.  As 
previously  stated,  the  difference  between  the  effective  values 
of  the  half  cycles  of  this  wave  must  be  0.707  Eda-  When  this 
is  the  case  the  effective  value  of 

Ea=lAEda  (6) 

This  is  shown  in  the  mathematical  analysis  which  follows  and 
is  also  proven  experimentall.y. 
Referring  to  Figure  1 1 : 

Let  fa  =  instantaneous  voltage  across  arc. 

i 
£"«  =  effective  value  of  Ca  = 


1      /  '"     o 


dfi 
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ii,' =  maximum    value    of    uni-directional    pulse    that    occurs 
once  every  cycle  of  the  radio  frequency  current. 

e  =  instantaneous  value  of  pulse  =E  sin  t^ 

Eda  =  d.c.  component  of  arc  voltage. 

ea  =  Eda -\-e=Eda-\-E sin  fi 

e„^  ^Eda-+E-'  svf-d-\-2  EdaEsin  6 

2 -Jo  2-Zjo  ^.^Jo 

-| I     sin  n  dH 

2~    Jo 


ANTENNA    RESISTANCE 


A  ~  Wave  Length  ~  Kilometers 

FicrRE  10 


Integration  of  Parts 


2  -Jo  4  - J„ 

aE  C" 

1  P'^  , 


EdaE  [    "     .      a  J  a        '2EdaE 

Sin  o  da  = 


^'d^=Eda'  +  ^'  +'^EdaE 
"i  7Z 

Ea  =  \lEda-+^^'-\-lEdaE 

The  value  of  Ea  during  the  half  cycle  "b  c,"  Figure  11,  is  Eda- 
During  the  preceding  half  cjx'le  "a  6"  the  value  of  Ea  ma}'  be 
derived  as  follows: 

e,;-  =  Eda--\-E~  s/n^  0-\-2EdaEsin  6 

..Jo  -.      Jo  -.  Jo 

H ^ —  I     sin  d  d H=- Eda-  +  ^  +  _EdaE 

Ea  (half  cycle  "«  6")  =  ^E,„-^+^'  +  ^E,„  j^\ 

For  the  difference  between  the  two  half  cycles  "« 6"  and 
"h  c"  of  ea  to  equal  0.707 Eja, 


^/^da2  +  ^'  +^i^daE  -Erfa  =0.707  Eda 

Eda~-i-^^  -{-^Eda  E  =  2.91  Eda- 


E~+    Eda E  -  3.83  Eda-  =  0 


£;= 


--  Eda±\nEda'+15.31EdJ 


o 


E  =  Eda   ■         ^^-''^^^'^^  =1.01  Eda 

The  (  — )  minus  value  of  4.67  in  the  preceding  equation  is 
disregarded.  It  evidently  gives  the  value  oi  —E  necessar}'  to 
satisfy  the  conditions,  but  which  is  of  no  interest  in  this  analysis. 
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For  the  particular  case  when  the  difference  between  successive 
half  cycles  of  Ca  is  0.707  Eda,  the  value  of  Ea  in  terms  of  Eda  is 
now  obtained  by  substitution  from  the  two  equations. 

E  =  1.07  Eda 


I  E-     2 

Ea  =  \Eda''+   ~  +  _E^laE 


Ea  =Eda  VH- 0.284 +0.679  =Eda  Vl.963 

Ea  =  lAOEda 

Experimental  proof  of  equation  6  is  given  by  the  data  taken 
at  Palo  Alto  plotted  on  Figure  12. 
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E 

It  is  apparent  that  when  p  =  \/2,  the  ratio  ^  =1.4. 

The  values  of  Eda,  Id,  and  L  were  determined  with  the  usual 
instruments  in  the  usual  manner. 

Ea  was  measured  by  connecting  a  radio  frequency  voltmeter, 
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consisting  of  a  hot  wire  milliammeter  in  series  with  a  non-in- 
ductive resistance  across  the  radio  frequency  terminals  of  the 
arc.     This  voltmeter  was  calibrated  on  d.c. 

The  pulsating  component  of  the  Ea  uni-directional  equi\'alent 
wave,  Figure  6,  contains  the  two  peaks  "m"  and  "n." 

It  was  stated  under  the  heading  of  "The  Poulsen  Arc  Con- 
verter Cycle"  that  the  peak  "n"  was  caused  by  the  inductive 
discharge  of  Ld  and  that  this  pulse  of  emf.  had  a  steeper  wave 
front  than  the  radio  frequency  oscillations.  These  facts  have 
been  proven  by  the  following  experiments: 

Since  the  voltage  E'^^  is  produced  by  slight  pulsations  in  /,; 
in  the  manner  previously  described,  these  cause  the  collapse  of 
a  portion  of  the  air  leakage  field  about  La.  This  occurs  once 
every  radio  frequenc}^  cycle,  and  it  is  possible  to  detect  the  flux 
changes  by  placing  a  wave  meter  exploring  coil  in  the  air  in  the 
vicinity  of  Ld  and  tuning  the  wave  meter  to  resonance  with  the 
radio  frequency.  In  performing  this  experiment  great  care 
must  be  taken  to  make  sure  that  the  wave  meter  ammeter  de- 
flection is  due  solely  to  the  E^d  flux  changes  and  is  not  due  to 
direct  induction  from  any  nearby  conductors  carrying  radio 
frequency  currents  or  to  small  radio  frequency  currents  leaking 
back  thru  Ld  to  the  d.c.  generator. 

The  extremely  steep  wave  front  of  Ex^,i  is  proven  by  sphere 
gap  measurements  of  the  voltage  between  turns  of  L«.  It  is 
found  that  the  voltage  between  the  end  turns  next  to  the 
arc  is  higher  than  between  any  other  turns  in  the  coil.  If 
Ls  is  not  sufficiently  large  this  pulse  may  carry  thru  into  the 
condenser  Cs.  In  this  case  harmonics  are  set  up  in  the  oscilla- 
tory circuit. 

Figure  8  shows  the  resultant  distortion  of  the  /.^  wa\e. 
These  harmonics  will  not  occur  in  the  antenna  current  if  Ls  is 
sufficiently  large.  Thus,  in  practice,  a  station  with  a  high 
capacity  antenna  operating  upon  short  wave  lengths  is  more 
inclined  to  have  harmonics  than  would  be  the  case  were  the  L/C 
ratio  higher.  As  a  rule  these  disturbances  are  entirely  choked 
back  by  the  end  turns  of  Ls  next  to  the  arc. 

The  Effect  of  B„  Upon  Extinction  and  Ignition 
The  theory  of  the  effects  of  Bg  upon  extinction  and  ignition 
as  outlined  below  is  based  upon  the  effect  of  changes  in  Eg  upon 
Is.  It  is  to  be  understood  that  no  experimental  means  of  local- 
izing and  specifically  measuring  the  amplitudes  and  phase 
relations  of  the  extinction  and  ignition  voltages  has  been  used. 
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The  magnetic  field  strength  B<j  controls  both  the  amplitude 
and  Timing  of  the  extinction  and  ignition  voltages.        ■ : 

For  an}'  given  set  of  conditions  there  is  a  value  oi  Bg  which 
gives  optimum  h.  When  the  arc  fields  are  adjusted  to  this 
value,  they  are  said  to  be  "tuned,"  and  the  flux  density  is  de- 
noted by  I3g. 

When  Eg  is  less  than  (Bg,  the  rate  at  which  ions  are  removed 
from  the  gap  is  below  normal,  and  hence  gap  ionization  is  above 
normal.  This  decreases  the  effective  value  Ea,  which  may  be 
IH'oven  experimentally  by  use  of  the  radio  frequency  voltmeter 
previously  described.  Such  a  condition  reduces  both  the  ex- 
tinction and  ignition  voltages,  and  because  of  the  high  peak 
values  of  these,  reduces  the  effective  value  of  Ea,  Figure  4,  thruout 
the  "cde^'  period  to  a  greater  extent  than  thruout  the  "a  he" 
period.  Hence  the  effective  •  value  of  the  in-phase  driving 
voltage.  E,i„  Figure  5,  is  reduced. 

The  fact  that  this  is  the  case  is  easih^  demonstrated  experi- 
mentally by  lowering  the  field  strength  of  an  arc  while  it  is  in 
operation.     The  current  L  is  immediately  lowered. 

Conditions  with  Bg  greater  than  ^g  are  not  altogether  the 
converse  of  those  with  Eg  less  than  ^g.  This  is  because,  altho 
the  extinction  and  ignition  voltages  are  abnormally  high  when 
Eg  is  greater  than  /3,/.  the  time  of  extinction  is  advanced  and 
ignition  is  delaj^ed.  This  tends  to  separate  the  points  "m"  and 
"n"  and  to  foster  harmonics.  Such  improper  timing  of  "m" 
and  "n"  causes  a  reduction  in  the  amount  of  energ\^  transferred 
to  the  oscillatory  circuit  and  a  corresponding  reduction  in  h, 
because  the  ea  wave  form  becomes  so  radically  different  from  the 
e,i  wave  of  in-phase  voltage. 

Sunnning  up  the  foregoing,  it  is  seen  that  with  field  strength 
^y,  the  points  "m"  and  "71,"  Figure  4,  have  certain  amplitudes 
and  time  phase  relations  with  respect  to  is.  If  Eg  is  less  than  ^g, 
the  effective  values  of  both  Ea  and  E^,  are  reduced  and  /sis  cor- 
respondingh'  reduced.  On  the  other  hand  if  Eg  is  greater  than 
/3y,  the  harmonics  in  the  voltage  circulating  Is  are  augmented 
and  this  reduces  the  energy  transferred  to  the  radio  frequency 
oscillations  of  fundamental  frequency.  The  current  Is  is  accord- 
ingly again  reduced. 

The  Arc  Currext  h 
The  arc  current  is  made  up  of  the  two  components  Id  and  7s. 
Figure  13  shows  the  vector  relations  of  the  currents  involved. 
Is  is  laid  off  as  a  base  vector  of  unit  length.     Id  is  laid  off  at  right 
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angles  because  it  may  l)c  considered  a  sine  wave  of  different 
frequency,  that  is,  extremely  low  frequency.  Its  length  is'v/2, 
since  from  Figures  2  and  3  it  is  evident  that  the  crest  of  the  h 
wave  equals  Id,  and  with  sinusoidal  wave  form  the  ratio  of  peak 
to  effective  values  is  -\/2. 


Id=V2 


^ 


Figure  13 


The  triangle  is  then  closed  by  la  =  \/3. 

Experimental  proof  of  these  current  relations  is  easil}-  ob- 
tained by  inserting  ammeters  in  an  arc  circuit  to  measure  7^, 
la,  and  7s  (see  Figure  1).  When  the  magnetic  field  strength 
is  of  proper  value,  it  is  found  that 

Id  =  V2ls  (7) 

and  la^V^Is  (8) 

The  Poulsen  Cycle  Efficiency 
The  efficiency  of  the  Poulsen  cycle  may  be  computed  from 
the  following: 

Arc  output  =  Ns  Is-  =  —r-  X  — ,  =  — :-, — ' 
Id       p-         p- 


where  p  = 


Id 


Arc  input  =  £'f/a  Id 


Arc  efficiency  t  =    „ 


(9) 


If  /9  =  V2,  then  e  =  oO%. 
This  is  the  maximum  Poulsen  cycle  efficiency,  and  the  iiigh- 
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est  theoretically  obtainable.     It  corresponds  to  the  Carnot  cj'cle 
in  thermodynamics.     If  the  magnetic  field  strength  is  too  weak, 

P  will  be  greater  than  \/2  and  —^  may  be  greater  than  Rs.  Under 

Id 

these  conditions  true  arc  efficiency  cannot  be  determined  unless 
Rs  is  actuall}'  known.      Howeyer,  when  the  arc  magnetic  field 

is  tuned,   —   is  a  yery  fair  approximation  to  true  arc  flame  e. 

This  is  shown  by  Figure  14.  which  is  ):)lotted  from  data  taken 
tit  the  San  Diego  (California)  High  Power  Xayal  Radio  Station. 


0- 


tjAN  OlE-GO  HiGH  PD^f/E".  MAWAL 
RADIO    STATION 


JK-'/7ave  Length -K,io^,e*e^i 

FinuRE  14 


The  ^Magnetic  Field 
It  is  apparent  from  the  theory  of  the  arc  that  the  strength 
of  the  magnetic  field  materialh'  affects  its  performance.  A 
fraction  of  each  radio  frequency  cycle  is  allowed  for  the  extinction 
•of  the  arc  and  the  scavenging  of  the  gap  between  the  electrodes. 
The  length  of  this  time  is  inyersely  proportional  to  frequenc}'. 
Therefore,  all  other  factors  remaining  constant,  the  strength 
■of  the  magnetic  field  required  for  properly  de-ionizing  the  gap 
is  directlj"  proportional  to  frequency  or  inyersely  proportional 
to  wave  length.  This  is  because  the  rate  at  which  the  ions  are 
moved  is  dependent  upon  field  strength. 

Therefore:  /Sy  oc  ^  (lO) 

-where  "/"  is  the  wave  length. 


The  molecular  velocity  of  the  atmosphere  in  which  the  arc 
burns  controls  the  value  of  ^g.  To  extinguish  the  arc  properly 
and  de-ionize  the  gap  in  the  time  available,  there  is  no  gain  in 
raising  the  ions  above  the  velocity  necessary  to  break  up  the 
ionic  stream  in  the  time  allowed.  Hence,  if  the  molecular 
velocity  of  the  gaseous  medium  surrounding  the  arc  is  high, 
it  is  unnecessary  for  the  magnetic  field  to  increase  the  velocity 
of  the  ions  as  much  as  would  be  the  case  were  their  velocity 
lower.  Therefore,  the  necessary  field  strength  is  inversely  pro- 
portional to  the  molecular  velocity  of  the  gaseous  medium 
surrounding  the  arc.     That  is: 

^.cr^  (11) 

V 

where  "f"  is  the  molecular  velocity  of  the  gas. 

The  temperature  of  the  arc  flame  is  so  high  compared  with 
the  temperature  of  the  gases  in  the  chamber  when  the  arc  is  not 
in  operation  that  no  appreciable  error  is  introduced  by  the 
assumption  that  the  absolute  temperature  of  the  arc  flame  is 
proportional  to  the  power  input  Eda  Id.  Since  the  velocity  of 
the  molecules  of  a  given  gas  is  proportional  to  the  square  root 
of  the  absolute  temperature  of  the  gas,  it  follows  that 


vcc^EdoId.  (12) 

Inasmuch  as  it  is  necessary  for  the  magnetic  field  to  extin- 
guish the  arc,  its  best  strength,  /3y,  is  directly  proportional  to 
the  electric  field  tending  to  maintain  the  arc.     That  is: 

^U^Eda  (13) 

The  number  of  ions  to  be  removed  from  the  gap  is  propoi- 
tional  to  the  current  thru  the  arc,  and  hence  to  Li.     That  is: 

/3.0C/,  (14) 

From  equations  13  and  14: 

/SgCCEdald  (1.')) 

Hence  from  equations  10,  11,  12,  and  15: 

„  K Eda  Id  T''\/Edald  .       , 

AVEdaLl  / 

where  iv  is  a  quantity  inversely  proportional  to  the  specific  molec- 
ular velocity  of  the  gases  surrounding  the  arc.  For  any  particu- 
lar gas  it  is  a  constant,  the  value  of  which  is  determined  experi- 
mentally from  observations  involving  the  other  (luantities  of 
equation  16.  Its  numeiical  value  obviously  deixMids  ui)on  the 
units  emploj^ed. 
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Computation  of  K  from  the  Chemical  Analysis  of  the  C^as 

If  kerosene  CH3  (CH2)8  CH3  is  used  to  supply  the  atmosphere 
for  the  arc  it  dissociates  into  IOC  +  IIH2.  The  C  precipitates 
and  the  arc  is  surrounded  by  an  atmosphere  of  H2  only. 

If  ethyl  (grain)  alcohol  C2H5OH  is  used,  it  dissociates  into 
CO2  +  6H2  +  3C.  The  carbon  precipitates  and  the  arc  is  sur- 
rounded by  an  atmosphere  of  H2  diluted  by  CO2. 

The  weights  of  equal  volumes  of  the  chamber  gases  may  be 
computed  from  their  molecular  weights.     Thus  the 

density  of  chamber  gas  from  kerosene  _  1"^^  _  1 

density  of  chamber  gas  from  ethyl  alcohol      56      4 

The  velocities  of  the  molecules  of  different  gases,  at  the  same 
temperature,  are  inversely  proportional  to  the  square  roots  of 
the  densities  of  these  gases.  Hence  the  molecular  velocity  of 
the  chamber  gas  with  kerosene  is  twice  that  with  ethyl  alcohol. 

The  same  method  maj^  be  used  for  methyl  (wood)  alcohol, 
illuminating  gas,  and  so  on. 

Thus  the  value  of  K,  equation  16,  for  ethyl  alcohol  should 
be  twice  that  for  kerosene.  This  theory  is  proven  from  the 
following  data. 

Experimental  Proof  of  Equation  16 

These  experimental  data  were  taken  at  the  United  States 
Naval  High  Power  Radio  Station,  Pearl  Harbor,  Hawaii,  during 
the  months  of  August  and  September,  1917.  Experimental 
proof  of  equation  16  is  given  for  powers  up  to  500  kilowatts 
thruout  a  wave  length  range  of  4.1  to  16.1  kilometers,  ^'alues 
of  K  are  derived  for  kerosene  and  ethjd  alcohol. 

In  considering  experimental  data  of  this  sort,  it  should  be 
realized  that  there  are  many  factors  which  render  such  a  station 
unsuitable  for  tests  requiring  those  features  of  unchanging  con- 
ditions and  ample  time  for  observations  which  can  only  be 
obtained  in  the  laboratory. 

Antenna  resistance  Rs  changes  daily  with  the  weather,  for  it 
is  affected  considerably  by  the  surface  condition  of  the  antenna 
insulation.  Furthermore,  the  field  tuning  is  broad.  These 
facts  tend  to  scatter  the  observed  points. 

The  lack  of  opportunity  for  long  runs  because  of  necessary 
routine  work  about  the  plant  renders  the  obtaining  of  uniform 
chamber  atmospheres  on  consecutive  days  practically  impossible. 
This  increases  the  scattering  of  the  K  determinations. 

The  reader  will  realize,  therefore,  that  the  data  presented 

464 


in  proving  equation  16  are  essentially  those  taken  in  the  field 
and  not  in  the  laborator}^  with  its  attendant  possible  niceties  of 
observation. 

Figures  15  thru  22  (corresponding  to  plates  31,  52,  93,  134, 
145,  156,  187,  and  218)  show  the  effect  of  variations  in  Bg  and  Id 
with  Eda  held  approximately  constant  thruout  a  range  of  wave 
lengths  of  from  4.5  to  16.1  kilometers. 

These  curves  are  practically  equivalent  (except  for  value 
of  ordinate  in  amperes)  to  curves  of  Is  plotted  against  Bg,  since 
/«  is  proportional  to  Id.  The  proportionality  factor,  p,  varies 
with  Bgior  a  given  /  and  Eda,  but  this  variation  is  of  no  interest 
since  we  are  interested  only  in  the  peak  values  of  the  curves, 
and  these  occur  at  the  same  Bg  irrespective  of  which  current  is 
used  in  the  scale  of  ordinates.  At  the  peak  of  these  curves, 
p  =  ■\/2,  and  on  each  side  of  the  peak  it  is  greater  than  \/2. 

It  will  be  noted  that  the  points  of  maximum  current  fall 
approximately  on  a  straight  line  thru  the  origin.  This  is  in 
accordance  with  the  theory  used  in  the  derivation  of  equation 
14.     Such  lines  have  been  drawn  on  all  plates. 
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The  peak  values  of  Id  have  been  tabulated  in  Table  1  along 
with  the  value  of  ^g  as  determined  by  the  intersection  of  the 
straight  line  thru  the  origin,  with  the  current  peak  value. 


TABLE  1 


£  a- 

S 

a  a 

a 

o 

c^ 

k 

i| 

■=1 
< 

a  1-1 

'A 

S  0. 

ZJ 

li 
< 

15 

495 

723 

970 

1,217 

178 
292 
371 
415 

88.1 
211 
360 
505 

3.0 

4.85 
6.4 

7.4 

.532 

.275 

12.1 

3.33 

16 

495 
726 
977 

184 
296 
355 

91.1 
215 
347 

2 
3.2 

3.87 

.504 

.198 

16.1 

3.19 

17 

496 

728 

975 

1,214 

173 

248 
324 
396 

85.9 
180.5 
316 

481 

3.05 
4.35 
5.7 

7.0 

.477 

.363 

8.1 

2.94 

18 

500 

730 

976 

1,222 

158 
232 
310 
348 

79 
169.5 
302 
425 

4.35 
6.4 
8.5 
9.55 

.497 

.5 

12.1 

6.05 

19 

498 

729 

970 

1,216 

163 
240 

347 
379 

81.3 
175 
336 
461 

3.5 
5.2 
7.5 

8.2 

.510 

.37 

14.1 

5.22 

20 

498 
728 
974 

162 
246 
332 

80.8 
179 
323 

3.05 
4.75 
6.25 

.499 

.35 

16.1 

5.64 

21 

347 
505 
741 

838 

86 
119 
168 
180.5 

29.8 

60 
124.5 
151.2 

7.4 
10.2 
14.4 
15.5 

.464 

1.55 

4.5 

6.98 

22 

343 

110 

37.7 

4.7 

.466 

.86 

6.94 

5.97 

499 

160 

79.9 

6.75 

733 

222 

163 

9.35 

Aver.   .494 

Aver. 

4.91 

831 

228 

189.5 

9.6 

The  kilowatt  input  has  been  computed  and  tabulated,  and 
on  Figure  23  are  logarithmic  graphs  of  the  relation  between 
Edald  and  ^g.  The  slope  of  these  lines  is  tabulated  in  Table  1, 
and  averages  0.494.  The  theoretical  value  is  0.500  as  indicated 
by  equation   16. 
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Dotted  lines  show  the  intercepts  on  the  unit  axis.  These 
have  been  tabulated  also.  According  to  equation  10,  these 
intercepts  should  l^e  inversely  proportional  to  wave  length. 
Therefore  the  product  c/  has  been  tabulated,  and  the  average 
4.91  obtained. 

We  have  thus  obtained  an  experimental  check  upon  ('(|uaiion 
16,  and  determined  the  empirical  value  of 

K  =  4.9l 
when  kei'oscne  is  used  to  supply  the  arc  atmosi)luM-('  and 
Eda  is  cx])ressed  in  kilovolts 
Id  is  expressed  in  amperes 
?.  is  expressed  in  kilometers 
^g  is  expressed  in  kilogauss. 
Figures  24  thru  30  (corresponding  to  plates  231,  242,  253, 
204,  285,  296,  and  307)  repeat  the  foregoing  when  ethyl  alcohol 
is  used.     Figure  31  and  Table  2  give  the  results. 
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The  average  slope  is  0.483,  and  the  value  of 

/v=8.32 

Our  theory,  given  above,  showed  that  the  value  of  A'  for  ethyl 
alcohol  should  be  twice  that  for  kerosene. 

2X4.91  =  9.82  (as  against  8.32) 

We  therefore  check  our  theory  within  18  per  cent.  It  is  to 
be  remembered  that  this  theory  is  based  upon  chemically  pure 
liquid  hydrocarbons  of  the  molecular  make-up  indicated,  and 
that  in  these  tests  commercial  kerosene  and  grain  alcohol  were 
used.  The  impurities  or  variations  in  the  molecular  make-up 
of  these  would  in  some  degree  affect  the  results. 


\'-'r-u'^ 


Figure  -30 


Any  theory  which  assumes  ideal  conditions  can  only  indicate 
the  general  trend  of  the  phenomena  which  will  take  place  inider 
practical  conditions. 
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In  view  of  the  disturbing  factors  which  are  known  to  affect 
arc  performance,  such  as  the  impurities  in  the  hydrocarbon 
above  mentioned,  and  especially  those  unavoidable  variations 
in  the  density  of  the  chamber  atmosphere  previously  enumerated, 
it  is  felt  that  an  agreement  even  as  close  as  18  per  cent,  estab- 
lishes the  soundness  of  our  fundamental  conceptions  of  arc  oper- 
ation. 

While  variations  in  chamber  atmospheric  density  affect  the 
position  of  the  straight  lines  on  the  logarithmic  sheets  and 
hence  the  value  of  K  so  obtained,  they  do  not  affect  the  slope 
of  these  lines,  provided  the  rate  of  hydrocarbon  flow  is  held 
constant  thruout  any  one  run.  For  this  reason  the  determina- 
tion of  the  exponent  of  the  Edald  product  is  checked  rather 
closely,  that  is,  within  1.25  per  cent,  in  the  case  of  kerosene  and 
3.5  per  cent,  in  the  case  of  ethyl  alcohol. 
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TABLE  2 
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497 

729 

979 

1,225 
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239 
310 
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80.5 
174.2 
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8.0 
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.62 
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25 
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.488 

.46 

16.1 
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5.6 

20 

733 
979 
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253.5 
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11.3 

.532 

.60 
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6 .  06 

27 
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1,124 
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226 
284 
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165.2 
278.5 
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7.95 
10.0 
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.456 

.78 
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2S 
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503 
731 
840 

97 
130 
177 
180 

33.6 

65  .5 

129.4 

151.2 

5.88 

8.25 

11.13 

11.38 

.435 

1.35 

6.94 

9.37 

30 

345 
503 

738 

94 
139 
184 

32.4 

70.0 

135.8 

4.35 
7.3 
10.3 

.543 

.74 

8.1 

0.0 

Aver.      .483 

Aver. 

8.32 

832 

211 

175.5  12.05 

In  taking  these  data,  it  was  customary  to  use  alcohol  pro- 
fusely because  there  was  little  soot  deposited  in  the  chamber,  and 
this  practice  assui-ed  the  most  uniform  results.  When  kerosene 
was  used,  the  soot  deposit  l^ecame  excessively  heavy,  and  it  was 
therefore  customary  for  convenience  in  arc  operation  to  throttle 
down  the  flow  somewhat.  This  reduced  the  resultant  effective 
molecular  velocity  of  the  chamber  gases  because  the>'  were 
diluted  by  Ooand  No  from  the  outsitle  atmos))here  which  always 
tends  to  be  drawn  thru  small  leaks  into  the  swirling  mass  of  hot 
gases  within  the  arc  chamber  when  the  liquid  hydrocarl)on  is 
supplied  in  insuffici(>nt  (juantity. 

It  is  evident  from  the  foregoing  that  the  value  of  K  deter- 
mined for  kerosene  is  high  (considering  the  ideal  conditions  for 
which  equation  1(3  was  derived),  and  in  view  of  the  practical 
difficulties  of  taking  experimental  data  of  this  sort,  .<;ome  of 
which  have  already  been  enumerated,  we  may  generalize  some- 
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what,  and  are  of  the  opinion  that  /v=4.2o  for  kerosene  and  8.5 
for  ethyl  alcohol  are  better  empirical  determinations  of  this 
constant.     Equation  16  becomes: 

„      4.25  y/Edn  Id   f-      1  /-,«\ 

^g= for  kerosene  (17) 


""^'  ^,  =  ^-'^^^Ed^J.^  for  ethyl  alcohol  (18) 

General  observation  and  data  collected  from  various  sources 
indicate  that,  for  ordinary  Pacific  Coast  illuminating  gas,  the 
value  of  K  lies  about  midway  between  that  for  kerosene  and 
ethyl  alcohol. 

A  consideration  of  the  chemical  make-up  of  methyl  alcohol 
shows  that  it  should  require  a  somewhat  higher  flux  than  ethjd 
alcohol.     This  is  borne  out  by  general  experience  in  arc  work. 

The  ^Magnetic  Circuit 

General 

In  our  treatment  of  the  arc  design  problem  thus  far,  we  have 
covered  the  theoretical  field  of  arc  performance  and  have  shown 
the  relationship  between  the  various  voltages  and  currents  in- 
volved from  theoretical  considerations  backed  bj'  experimental 
evidence. 

We  have  also  derived  the  so-called  "Flux  Formula"  (Equa- 
tion 16)  from  theory,  and  have  proven  it  experimentally  by  data 
taken  at  the  Pearl  Harbor  High  Power  Naval  Radio  Station. 

We  shall  now  consider  the  theories  involved  in  the  design  of 
the  magnetic  circuit  and  shall  follow  these  by  experimental  data 
bearing  specificallj-  upon  the  affect  of  variations  in  magnetic 
circuit  design  on  the  gap  flux,  Bg. 

Until  the  high  power  arc  converter  became  a  necessity  in 
radio  telegraphy,  this  specific  problem  had  not  been  met  in 
practical  design  w'ork,  except  in  the  case  of  a  few  relatively  small 
electro-magnets  which  had  been  built  for  various  laboratories 
thruout  the  world. 

The  necessity  of  building  electro-magnets  weighing  65  tons 
(59,100  kg.)  in  the  case  of  the  500  kw.  arc  converters  and  80  tons 
(72,700  kg.)  in  the  case  of  the  1,000  kw.  units  made  it  essential 
that  knowledge  of  these  matters  be  accumulated  in  a  form 
suitable  for  design  work. 
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The  Ideal  Circuit 

Figure  32  shows  two  magnet  poles  ''N"  and  "S"  located 
under  ideal  conditions  as  developed  in  past  literature — that  is, 
within  a  long  solenoid,  so  that  at  the  magnetic  air  gap  the  mag- 
neto-motive force  (abbreviated  "mmf.")  is  uniformly  distri- 
buted and  is  parallel  to  the  axis  of  the  poles.     If  it  is  desired  to 


^  Magnetizing    Winding 

oooooooooooooooooooooooooooooooooo 


^^ 


OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO* 

Figure  32 


obtain  a  maximum  flux  density  in  the  air  gap  for  a  given  applied 
mmf.,  it  is  obvious  that  this  cannot  be  obtained  if  the  full  diam- 
eter of  the  poles  is  continued  up  to  the  air  gap,  because  a  certain 
percentage  of  the  flux  will  leak  around  the  gap  as  shown,  and 
the  flux  density  in  the  main  poles  will  exceed  that  in  the  pole 
tip  faces  adjacent  to  the  gap.  Hence  premature  saturation 
will  occur  back  in  the  body  of  the  main  poles. 

If  the  poles  are  shaped  as  in  Figure  33,  premature  saturation 
of  the  main  pole  is  eliminated,  but  an  analogous  condition  exists 
in  the  pole  tips — that  is,  premature  saturation  occurs  at  some 
point  in  the  pole  tip  between  its  base,  whei'c  it  joins  the  main 
pole,  and  its  face,  adjacent  to  the  air  gap. 


Magnetizing    Winding 

oooooooooooooooooooooooooo 


coooooooooooooooooooooooooooooooo 

FiciURE  'A'A 


It  is  obvious  from  the  foregoing  that  if  the  pole  tips  are  made 
of  a  shape  somewhat  between  that  of  Figures  32  and  33 — for 
example,  truncated  cones  as  shown  in  Figure  34,  a  maximum 
flux  will  be  obtained  in  the  air  gap  for  a  given  applied  mmf. 
If  the  poles  are  made  of  the  best  possible  shape,  equal  flux  densities 
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will  exist  at  all  points,  and  hence  no  i^art  will  take  more  than 
its  share  of  the  applied  nimf. 


Magnetizing   Winding 

cooooooooooooooooooooooooooooooo 


O  0  O  Q  o       ooooooooooooooooooooooooooo 


Figure  34 


In  his  "IMagnetic  Induction  in  Iron  and  Other  Metals," 
Ewing  shows  by  analytical  treatment  that  the  best  pole  shape 
is  that  of  a  truncated  cone  having  the  angle  a,  Figure  35, 
54° 44'.     His  method  of  treatment  is  as  follows: 


Figure  35 


The  assumption  is  made  that  the  distrihution  of  magnetization 
is  uniform  thruout  the  cross  section  of  the  magnet  poles — that  is, 
that  the  flux  lies  parallel  to  the  axis  of  the  poles. 

The  magnetic  force  in  the  space  between  the  pole  tips  is 
composed  of  two  parts,  (1)  the  magnetic  force  clue  directh'  to 
the  current  in  the  field  coils,  and  (2)  that  due  to  the  internal  or 
molecular  mmfs.  induced  by  the  applied  mmf.  The  first  of 
these  forms  a  small  part  of  the  whole,  and  since  its  distribution 
is  nearly  uniform,  it  becomes  a  negligible  factor. 

The  pole  faces  are  considered  as  being  made  up  of  a  series 
of  coaxial  circular  rings  in  planes  normal  to  the  axis  of  the  poles. 
If  the  induced  magnetization  of  one  of  these  rings  is  represented 
by  "J"  the  magnetic  force  ''F''',  due  to  it  at  a  point  "0"  (Figure 


^  Using  Ewing's  terminology. 
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36)  in  the  axis  at  a  distance  "x"  from  the  plane  of  the  ring,  is, 
according  to  Coulomb's  law,  given  by  the  equation: 


F=  -^  •  cos  a,  or  bv 


F  = 


Jx 


smce  cos  a 


r  = 


Figure  86 


dF 
Obviously  F  will  be  a  maximum  when   -—=0,  which   occurs 

ax 

when  a;=     T,  ;   tana  =  -\/^2,  or  a  =  54°  44'. 

Weiss^  has  given  experimental  data  showing  that  the  best 
pole  tip  shape  is  not  the  uniform  cone  just  considered  but  one 
made  of  a  multiple  number  of  angles,  which  are  equivalent  to 
a  curved  surface.  This  deviation  from  the  pole  tip  shape  which 
Ewing's  mathematical  treatment  of  the  problem  indicated  as 
best,  is  probably  due  to  the  following  facts: 

(1)  The  fundamental  requirement  is  that  premature  satura- 
tion shall  not  occur  in  any  part  of  the  magnetic  circuit,  that  is, 
all  parts  must  reach  their  limiting  value  at  the  same  time. 

(2)  Such  a  condition  was  assumed  by  Ewing  in  his  mathe- 
matical analysis,  upon  the  basis  of  the  flux  in  all  parts  of  the 
pole  tip  lying  parallel  to  the  axis  of  the  poles. 

(3)  But  experimental  data  show  that  the  flux  does  not  lie 
parallel  to  the  polar  axis  with  uniformly  conical  tips.  On  the 
contrary,  it  concentrates  in  the  portion  next  to  the  air  gap. 

(4)  Therefore,  in  order  to  fulfil  the  basic  requirement  of  (1), 
it  is  necessary  to  approach  the  gap  more  slowly  and  thus  by 

2  For  various  discussions  of  pole  tip  angles,  see 
Weiss,  "Journal  de  Physique,"  volume  6,  page  353,  1907. 
DeBois,  "Ann.  d.  Phys.",  volume  37,  page  1268,  1913. 
Ewing,  former  citation. 

Cotton,  "Revue  G6nerale  des  Sciences  Pures  et  Appliquees,"  volume  25, 
numbers  13  and  14,  1914. 
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leakage  prevent  too  high  a  percentage  of  the  main  pole  flux 
from  flowing  thru  the  tip  faces  adjacent  to  the  gap. 

Figure  37  shows  a  pole  tip  of  this  shape.  It  is  relatively 
long  as  compared  with  single  angle  cones  of  approximately  55° 
and  since,  at  the  flux  densities  used  in  arc  converters,  the  per- 
centage of  gain  in  Bg  due  to  its  use  is  small,  it  is  not  a  desirable 
shape,  because  such  a  long-nosed  pole  materially  increases  the 
height  of  the'magnetic  circuit  yoke.     In  arcs  of  500  to  1,000  kw. 


Figure  37 


capacity,  such  an  increase  adds  man}'  tons  to  the  weight  of  the 
unit,  while  the  resultant  decrease  in  necessary  magnetizing 
kilowatts  is  very  small.  The  time  and  cost  of  machining  this 
compHcated  surface  is  another  reason  for  not  considering  it  in 
large  arcs. 

Figures  38  and  39  of  a  1,000-kw.  arc  converter  show  why 
weight  is  added  rapidty  if  the  height  of  the  j'oke  is  increased. 

The  greatest  flux  density  will  be  produced  in  the  air  gap 
when  the  pole  pieces  are  saturated  so  that  the  intensity  of  in- 
duced magnetism  J  reaches  its  hmiting  value  in  all  parts  of  the 
metal.  Thus,  for  truncated  cones  (Figure  35)  the  surface  den- 
sity is  J  sin  a ;  and,  employing  the  theory  of  Ewing  previously 
given,  an  expression  may  be  obtained  for  the  field  intensity  in 
the  gap,  that  is:^ 

Bg  =  4  r./(  1  —  cos  a-\-si7i~  a  cosa  log^  —  )  (19) 

'See  Weiss,  former  citation  on  this  matter. 
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FiGrRE  39— 1,000-Ivilowatt  Arc  Converter  (Cathode  Side) 


which  of  course  is  a  maximum  when  a  =  54^  44'  for  cones  the 
apices  of  which  coincide.  In  this  expression,  1—cosa  represents 
the  flux  clue  to  the  pole  tip  face,  and  the  remainder  that  due  to 
the  conical  surface. 

Since  the  flux  distribution  in  a  pole  tip  of  any  shape  varies 
with  the  flux  densit}-  and  with  the  permeal^ilitj'  of  the  steel,  any 
mathematical  treatment  of  the  problem  which  seeks  to  render 
the  computation  of  Bg  possible  thruout  the  Ijroad  range  of  flux 
densities  from  0  to  40  or  50  kilogausses,  must  be  based  upon  these 
premises,  which  are  incapable  of  exact  mathematical  expression. 
Therefore  a  mathematical  solution  of  the  prol^lem  for  this  broad 
range  is  seemingly  impossible. 

The  range  of  flux  densities  used  in  arc  converters  is  from 
approximately  2  to  20  kilogausses,  and  hence  we  must  resort 
to  experimentation  upon  actual  magnetic  circuits  to  obtain  arc 
design  data. 
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Best  Practical  Tip-Gap  Ratio 


G 


The  mathematical  derivation  of  the  pole  tip  angle 
a  =  54°  44',  Figm-e  35,  makes  the  ratio  of  pole  tip  face  diam- 
eter "rf"  to  gap  "G"  equal  to  -\/2  for  cones  with  the  same  apex, 


since  ^071    ^a  =  -\/2  and  ia/?  a  = -. 

(t 

Since  commercial  arcs  cannot  have  the  mmf.  applied  ideally, 
that  is,  the  arc  chamber  cannot  be  within  the  magnet  windings, 
there  is  more  spreading  of  the  flux  in  the  gap  than  in  the  ideal 

d 
case.     Hence  j^  must  be   greater  than   the   theoretical   value, 

namely,  \/2.     The  practical  value  seems  to  be  very  close  to 

tanQO°  =  -\/dt-      However,  the  ^  ratio  may  be  varied  between 

1,6. and  2.0  without  seriously  reducing  the  flux  density  in  the 
gap.     Figure  40  gives  experimental  proof  of  the  foregoing. 


DL=60      ZO  tK'npb 


I       E==£C~   0=  T  =-GAP  RATIO  ^  ^PCH  Sa 


=  6*   20  Amps 


FE.Dl'^.i,L  TE.LtG'^\=-n  CO 
=»3  o  •^•o.  Col.  J5A> 


In  all  the  work  described  herein,  magnetic  flux  densities 
were  measured  by  means  of  an  exploring  coil  and  ballistic  gal- 
vanometer, in  the  usual  well-known  manner. 

Best  Practical  Pole  Tip  Shape 
The  fact  that  the  best  practical  ratio  "    is  very  close  to  \/3 

shows  that  the  angle  of  the  two  cones,  the  tips  of  which  touch 
in  the  center  of  the  air  gap  is  60°.  However,  as  shown  on  Fig- 
ure 41  and  in  Table  3,  60°  tips  are  not  as  good  as  55°  (keeping 

-;  =  V'3  in  both  cases). 
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Data  Oj 


Figure  41 


TABLE  3 
(Figure  41 — Pole  Tip  Shapes) 
Ope??  Magnetic  Circuits 


H 

B 

3,850 

4,320 

7,260 

7,440 

f=- 

11,200 

11,050 

17,800 

15,290 

18,010 

15,380 

-  =\/3 

21,780 

17,890 

G      ^ 

25,320 

19,500 

a  =  60°,  55",  50° 

32,800 

21,400 

39,800 

22,300 

43,490 

22,700 

7,230 

7,330 

14,840  ■ 

13,250 

20,000 

16,900 

T-v 

20,900 

17,080 

^  =  12 

22,250 

17,880 

G 

25,600 

19,220 

^-  =  Vs 

28,900 

20,300 

G     ^ 

30,300 

20,800 

a  =  55° 

33,500 

21,100 

37,800 

21,850 

39,500 

21,900 

7,350 

7,030 

^  =  12 

16,700 

14,280 

G 

23,100 

17,850 

'  =  Vs 

27,800 

19,800 

G     ^ 

35,600 

21,000 

a  =  60° 

7,500 

7,620 

^12 

14,770 

13,050 

22,400 

16,280 

G 

29,400 

17,500 

'  =  Vs 

36,800 

18,100 

G     ^^ 

44,500 

18,600 

a  =30° 

60,700 

19,150 

7,500 

7,850 

n 

14,700 

13,260 

-=12 

22,300 

17,750 

(r 

29,580 

19,620 

'  =  Vs 

30,850 

19,890 

G     ^ 

37,450 

20,700 

a  =45° 

38,050 

20,750 
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The  foregoing  indicates  that  the  best  practical  tips  should 
start  at  60°  near  the  gap  and  change  to  approximately  55°  part 
way  back  on  the  cone. 

In  view  of  our  previous  discussion  of  the  Weiss  tip  of  Figure 
37,  the  55°  angle  should  be  reduced  near  the  base  of  the  cone 
Such  a  tip  is  60° — 55° — 50°  (approximately  one-third  of  the 
slant  height  for  each  angle). 

The  experimental  results  of  Figure  41  prove  the  correctness 
of  this  reasoning,  since  the  60°  — 55°  — 50°  curve  lies  above  all 
others. 

It  is  probable  that  some  modification  of  these  angles  would 
give  a  someAA'hat  better  tip,  but  itmust  be  remembered  that  it 
is  inadvisable  to  have  a  greater  portion  of  the  sloping  pole  sur- 
face below  55°  than  in  the  tip  just  considered,  because  at  the 
rate  at  which  it  increases  tip  height  and  hence  arc  weight  and 
dimensions.  These  reasons  practically  prohibit  the  use  of  any 
angle  less  than  50°,  and  in  view  of  these  practical  considerations 
and  the  ease  with  which  the  60°  — 55°  — 50°  tip  may  be  machined, 
it  is  considered  one  of  the  best  all-around  designs  for  high  power 
arc  work. 

Best  Practical  Pole-Gap  Ratio  -^ 

According  to  equation   19,  Bgcclog^        all  other  factors  re- 
maining constant.      Sinced  =  \/3G  for  best  results,  we  would  ex- 
pect Bg  cc  log,  -— .     Figure  42  shows  a  curve  plotted  to  this  equa- 
\j 

tion. 

Obvioush-  this  ratio  is  most  important,  for  it  is  the  main 
factor  controlling  the  weight  and  cost  of  an  arc  converter.  If 
it  is  too  low,  the  magnetizing  ampere  turns  are  not  working  to 
full  advantage;  and  if  it  is  too  high,  both  steel  and  copper  are 
wasted  because  of  the  excessive  mean  diameter  of  the  magnet 
winding. 

Of  course,  the  most  economical  weights  of  steel  and  copper 
are  dependent  upon  the  market  price  of  each.  In  general,  how- 
ever, ihc  magnetic  circuit  of  an  arc  converter  should  he  designed  so 
that  the  knee  of  the  saturation  curve  is  reached  at  rated  full  load 
current. 

In  accordance  with  this  principle  saturation  curves  have  been 

taken  over  a  great  range  of  -^  ratios  for  various  pole  tip  angles. 
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Figure  42 


The  knee  <:>f  each  of  these  curves  has  been  determined,  and  Bg 

at  the  knee  Tabulated  with  -^  and  a.      In  all  cases  ~  was  held 

constant  at  its  best  value  \/3. 

Table  4  gives  typical  data  of  this  sort,  v/hich  are  shown 
graphically  on  Figure  42  for  a  =  GO°  and  45°.     The  difference 

in  the  shape  of  these  curves  and  the  log^       curve  obtained  by 

(j 

computation  is  due  to  the  fact  that  the  ordinates  of  the  experi- 
mental curves  are  Bg  at  the  knee  which  introduces  a  variable  H 
into  their  past  history;  whereas  the  computed  curve  is  for  an 
arl)itrarily  chosen  fixed  value  of  H.  Since  we  are  interested 
primarily  in  the  position  of  the  knee  of  the  saturation  curve,  the 
computed  c\)rve  is  of  no  particular  value  in  design. 
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TABLE  4 

(Figure  42) 


D 
G 

Bg  (Knee' 

4.83 

9,300 

6.0 

11,160 

9.75 

16,730 

12. 

19,500 

21.8 

20,500 

29. 

20,900 

35. 

21,000 

6. 

11,160 

8. 

14,410 

10. 

16,820 

12. 

17,660 

14. 

17,850 

29. 

18,850 

G      ^' 

=  6. S3  log,  ^ 

2 

4.74 

4 

9.50 

6 

12.22 

8 

14.2 

B 

10 

15.75 

' 

12 

17.0 

14 

18.05 

16 

18.95 

30 

23.25 

a  =  60° 


G 


,  =  V3 


a  =45' 


G 


V3 


Observed  Data  on  Effect  of   —  on 

G 

'Position  of  Knee  of  Saturation 

Curves  with 

Variable  magnetizing  force 


Computed  Data  on  Effect  of  —  on 

G 

Bg  at   a  fixed  arbitrarily   chosen   magnetizing 

force 

a  =  constant 

d 

—  =  constant 

G 


Two  important  conclusions  may  be  drawn  from  these  data. 

(1)  When  —  is  small,  the  tip  angle  a  is  of  little  importance. 

G 

Thus  in  small  arcs  where  weight  is  often  a  controlling  factor  and 
—  is  therefore  made  low,  any  a  that  works  in  well  with  the 
chamber  design  may  be  used. 

(2)  —  should  not  be  made  greater  than  12.     As  a  matter  of 
G 

fact,  considerations  of  cost  and  weight  make  it  advisable  to  run 
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—  below  its  best  value  in  high  power  arcs.  For  example,  the 
G 

1,000-kw.  arc  converter  requires  15,000  gauss  (under  usual  speci- 
fications) in  a  seven-inch  (17.8  cm.)  magnetic  air  gap.     Figure 

42  shows  —  =8.5  for  15,000  gauss  at  the  knee  of  the  saturation 

curve.  This  makes  D  =  59.5  inches  (151.1  cm.),  whereas  the 
arc  as  designed  has  Z)=  45  inches  (114.3  cm.),  which  saves  many 
tons  of  steel  (counting  yoke  and  bedplate),  without  increasing 
the  amount  of  copper,  because  of  the  reduction  in  the  mean 
diameter  of  the  winding. 

In   all   the   foregoing,   —   has   been   considered   as   constant 

thruout  the  entire  length  of  the  magnetic  circuit.  Experiments 
show  that  it  cannot  be  reduced  appreciably  in  any  part  of  the 
bedplate  or  pole  pieces,  but  it  may  be  reduced  somewhat  in  the 
yoke,  because  leakage  reduces  the  total  flux  which  must  pass 
thru  the  yoke.  The  cross  section  of  the  yoke  of  the  1,000-kw. 
arc  is  equivalent  to  a  pole  diameter  of  40  inches  (101.6  cm.), 
whereas  D  =  45  inches  (114.3  cm.)  in  the  main  pole  and  bed- 
plate. 

In  general,  B  in  the  lower  portion  of  the  pole  or  bedplate 
equals  Bg  approximately,  while  B  in  the  yoke  or  at  the  base  of 
the  pole  tip  equals  approximately  h,  Bg. 


Open  Compared  with  Closed  Magnetic  Circuits 

It  is  not  customary  to  have  cranes  at  the  point  of  installation 
of  arcs  up  to  100  kw.,  and  the  weight  of  the  unit  is  a  matter 
of  considerable  importance.  This  is  especially  true  on  ship- 
board. 

Unless  a  closed  magnetic  circuit  has  a  fairly  large    -^  ratio, 

and  is  therefore  heavy,  it  is  of  little  value.  Open  magnetic 
circuits  are  used  exclusively  in  sizes  up  to  and  including  100  kw. 
because  a  pound  of  copper  is  worth  several  pounds  of  steel  in 
producing  Bg,  and  the  magnetizing  kilowatts  are  small  in  any  case. 
Furthermore,  in  these  small  sizes  it  is  often  found  that  at  the 
present  market  prices  of  steel  and  copper,  a  saving  in  cost  is 
effected  by  using  the  open  magnetic  circuit. 

The  effect  of  the  arc  on  a  ship's  compass  is  a  factor  which 
sometimes  makes  it  desirable  to  use  a  thoroly  shielded  closed 
circuit  design  when  otherwise  the  open  circuit  would  be  preferable. 


Magnetic  Circuit  Models 

It  is  not  necessaiy  to  build  a  full  size  magnetic  circuit  to 
determine  the  shape  of  the  saturation  curve.  The  use  of  models 
is  a  cjuick  and  inexpensive  means  of  accomplishing  this  result. 

Figure  43  and  Table  5  show  how  well  this  can  be  done.  It 
will  be  noted  that  the  ratio  of  the  weight  of  the  full-sized  magnetic 
circuit  to  its  model  was  6o0-to-l,  and  that  the  measured  flux 
densities  of  the  two  lie  so  close  together  that  it  has  Ijeen  possible 
to  draw  but  one  curve  thru  the  two  sets  of  points.  ^1i 
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TABLE  5 


Figure  43 — Model  Data 
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Pearl  Harbor 

Magnetic 

Model 

500  la\ 

.  Arc. 

H 

B, 

H 

Bo 

2,500 

3,100 

12,000 

13,700 

3,800 

4,650 

14,000 

15,700 

6,700 

8,200 

16,000 

16.100 

8,200 

10,100 

18,000 

16,900 

9,300 

11,000 

20,000 

17,500 

11,600 

13,400 

22,000 

18,100 

12,800 

14,300 

24,000 

18,500 

13,900 

14,800 

28,000 

19,500 

14,800 

15,600 

32,000 

20,200 

16,100 

10,100 

36,000 

20,700 

17,200 

16,700 

40,000 

20,900 

18,700 

17,200 

19,000 

17,300 

19,700 

17,500 

20,700 

17,800 

21,800 

18,100 

23,200 

18,600 

Ratio 

of  Weights  650:1 

Figures  44,  45,  and  46  show  these  magnetic  circuits.  It  will 
be  noted  that  the  mechanical  form  of  the  two  circuits  is  as  radi- 
cally different  as  their  size,  and  yet  they  are  excellent  magnetic 
equivalents. 
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Figure  45 — 500-Kilo\vatt  Magr^etic  Circuit 


Figure  4t) — Moilel  Magiietic  Circuit 


Determination  of  the  Magnetic  Air  (iap  G 
The  determination  of  the  magnetic  air  gap  is  one  of  the  most 
important  decisions  necessary  in  the  design  of  a  hxrge  arc  con- 
verter. It  is  dependent  upon  oscillatory  circuit  resistance, 
kilowatts  input,  and,  in  fact,  upon  nearly  all  the  specifications 
which  must  be  given  the  engineer  before  design  work  may  be 
started.  The  shape  of  the  anode  tip  is  also  an  important  factor. 
Analytical  attack  on  this  problem  has  not  been  possible  thus 
far.  All  progress  has  been  made  by  experimentation.  It  is 
beheved  that  an  analysis  of  the  results  would  be  too  cumber- 
some to  include  in  this  paper. 

In  general  it  maybe  stated  that  the  air  gaps  now  in  use  range 
from  1  to  7  inches  (2.54  to  17.78  cm.). 
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Determinatiox  of  Chamber  Size 
Figure  47  shows  the  area  of  chamber  cooling  surface  which 
is  considered  good  practice  at  this  time.     All  arcs  of  modern 
design  are  constructed  in  accordance  therewith. 


Figure  47 


Once  the  necessary  area  has  been  determined,  the  design  of 
the  remainder  of  the  chamber  is  one  of  purely  mechanical 
problems. 

The  size  of  the  water  jackets  is  determined  by  the  difficulties 
of  the  foundryman  to  a  very  considerable  extent,  a^  the  casting 
must  be  watertight. 

The  thickness  of  water  jacket  which  is  satisfactory  to  him 
in  his  core  work  is  usually  of  ample  cross  section  to  permit  the 
water  flow  necessary  at  the  usual  15-20  pounds  per  square  inch 
(1.06  —  1.41  kg.  per  sq.  cm.)  pressure  available. 

Choice  of  Arc  Electrodes 
In  the  ordinary  carbon  arc,  particles  are  carried  over  from 
the   positive   electrode   and   deposited   on   the   negative.     This 
causes  the   formation   of   the   well-known   positive   crater   and 
negative  cone. 
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Some  arcs  however  (such  as  the  magnetite  arc  used  for 
illummation),  use  copper  anodes,  which  do  not  wear  away  at  an 
appreciable  rate.     The  Poulsen  arc  is  of  this  type. 

Carbon  or  graphite  may  be  substituted  for  the  copper  anode 
with  excellent  results,  but  these  materials  have  never  come  into 
regular  use  because  a  water-cooled  copper  electrode  is  less  trouble- 
some. 

They  are  the  usual  cathode  materials,  however.  Carbon 
should  not  be  operated  above  200  d.c.  amperes  per  square  inch 
(31  amperes  per  sq.  cm.),  and  graphite  twice  this  density  at  the 
usual  wave  lengths  encountered  in  present  day  radio  telegraphy. 

The  d.c.  amperes  may  be  used  as  the  basis  for  computing 
the  cathode  diameter  safely,  because  the  skin  effect  in  materials 
of  high  specific  resistance  is  relatively  small.  For  example,  at 
a  wave  length  of  3,000  meters  a  carbon  electrode  1.60  cm.  (0.63 
inch)  in  diameter'*  has  a  radio  frequenc}^  resistance  but  1  per 
cent,  greater  than  its  d.c.  resistance.  At  a  wave  length  of  9,000 
meters,  this  diameter  may  be  increased  to  2.77  cm.  (1.1  inch). 
Thus  the  determination  of  electrode  diameter  on  the  basis  of  a 
limiting  direct  current  density  does  not  vary  appreciably  from 
the  diameter  which  might  be  computed  with  the  radio  frequency 
current  as  a  base. 
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SUMMARY:  The  Poulsen  arc  converter  cycle  is  studied  in  detail,  and  the 
various  relations  between  direct  and  alternating  arc  currents  and  voltages  ob- 
tained and  discussed.     The  possible  production  of  harmonics  is  considered. 

The  effect  of  arc  field  strength  on  the  arc  phenomena  is  then  taken  up. 
The  efficiency  of  the  Poulsen  arc  cycle  is  obtained  and  checked  experimentally. 

The  theoretical  relation  between  best  field  strength  and  wave  length,  arc 
current  and  voltage,  and  nature  of  atmosphere  surrounding  the  arc,  is  de- 
duced, and  shown  to  be  correct  by  elaborate  experimental  data.  In  this  con- 
nection, ethyl  alcohol  and  kerosene  atmospheres  are  compared. 

The  design  of  the  magnetic  circuit  is  then  handled  in  detail.  The  most 
economical  pole  shape  is  given,  the  tip  being  a  triple  tapered  conical  frus- 
trum.  The  tip-gap  ratio  and  the  pole-gap  ratio  are  also  experimentally  ob- 
tained. 

Open  and  closed  magnetic  circuits  are  compared.  The  design  of  these 
large  electromagnets  is  facilitated  by  the  use  of  small  models,  the  results  thus 
obtained  being  reliable.  Data  are  given  for  desirable  chamber  surface  for 
various  arc  inputs,  and  for  the  design  of  arc  electrodes. 

^Circular  74,  1918,  Bur.  Stds.,  pages  299-310. 
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THE  UNI-CONTROL  RECEIVER* 

By 

Roy  E.  Thompson 

(Chief  Engineer  and  General  Manager,  Wireless  Improvement 
Company,  New  York) 

The  original  paper  on  the  "Uni-Control  Receiver"  was  pre- 
pared some  time  ago,  and  arrangements  were  made  to  read  it 
before  The  Institute  of  Radio  Engineers  shortly  thereafter. 
Certain  delays  interfered  until  the  United  States  entered  the 
war,  so  that  it  was  no  longer  considered  proper  to  read  it. 

In  order  to  show  some  of  the  causes  which  led  up  to  the 
design  of  the  receiver  originally,  I  wish  to  point  out  that — 

The  law  says  in  effect  to  people  who  instal  and  operate  radio 
apparatus:  "You  must  provide  only  apparatus  which  is  capable 
of  selective  operation;  that  is  to  say,  your  apparatus  must  be 
sharply  tuned  so  that  if  you  are  interfering  with  another  station 
he  may  tune  you  out  by  slightly  changing  his  receiving  tune." 
Then  the  same  law  goes  on  and  says  in  effect :  "In  view  of  the  fact 
that  all  transmitters  have  now  been  required  by  law  to  be  sharply 
— that  is  selectively  tuned — it  is  feared  that  in  case  of  distress 
a  vessel  may  call  for  help  and  not  be  heard.  So,  to  eliminate  this 
possibility,  it  is  decreed  that  you  must  handle  your  business  on 
one  of  two  wave  lengths,  namely,  300  or  600  meters.  That  is, 
we  make  you  tune  sharply  so  that  listeners  on  slightly  different 
tunes  will  not  hear  you;  then  we  say  that  you  shall  all  send  on 
the  same  tune  so  that  all  listeners  will  hear  you." 

This  provides  a  situation  which  in  practice  is  no  doubt  differ- 
ent from  anything  the  framers  of  the  laws  anticipated  when  they 
agreed  upon  the  London  Convention  in  1912. 

Now  there  was  a  very  good  and  sufficient  reason  as  to  why 
these  two  major  requirements  of  the  law  should  have  been 
enacted.  The  flaw  in  the  scheme  is  that  the  carrying  out  of  the 
one  negatives  the  results  expected  fiom  the  other  and  vice 
versa. 

It  was  with  the  above  conditions  that  I  and  other  ladio  in- 
spectors of  the  Department  of  Commerce  tried  to  cope  when  the 

*  Received  by  the  Editor,  January  23,  1919.  Presented  before  the  Insti- 
tute, New  York,  February  5,  1919. 


laws  became  effective  on  December  13,  1912.  It  has  been  said 
that  one  never  knows  the  weakness  of  a  law  until  one  tries  to 
enforce  it.  In  this  case,  we  did  not  fully  realize  the  weakness 
of  the  law  until  after  it  was  fully  enforced.  We  first  berated  the 
framers  of  the  law,  but  upon  sober  thought  we  were  compelled 
to  acknowledge  that  it  seemed  practically  impossible  to  frame  a 
law  which  would  effectively  regulate  radio  communication  and 
secure  the  desired  results,  or  for  any  company  or  government 
to  formulate  rules  which  would  properly  take  care  of  the  con- 
flicting interests  represented  on  one  side  by  the  commercial 
business  that  must  be  handled  and  on  the  other  by  the  desire 
and  necessity  of  keeping  this  commercial  business  from  inter- 
fering with  possible  messages  relating  to  the  safety  of  life  at  sea. 
The  thing  back  of  this  whole  problem— the  thing  that  caused 
the  attempt  to  solve  the  problen  by  regulation  and  the  thing 
that  in  turn  prevented  regulation  from  being  the  solution — was 
plainly  the  limitation  of  the  radio  apparatus  itself.  The  trans- 
mitter had  to  be  restricted  as  to  the  number  of  wave  lengths 
it  could  use  so  that  the  receiver  might  always  hear  it,  and  the 
receiver  had  its  selective  ability  nullified  by  being  compelled 
always  to  keep  itself  adjusted  so  that  it  would  hear  the  trans- 
mitter on  its  restricted  wave  length. 

So  far  as  I  know,  no  laws  or  regulations  have  ever  been  pro- 
posed or  worked  out  which  would  solve  the  conflicting  problems 
referred  to  above.  In  my  opinion,  neither  government  nor  private 
monopoly  would  do  it  because  the  only  advantage  that  monopoly 
has  over  regulation  is  the  power  to  regulate  arbitrarily  instead 
of  equitably. 

These  and  the  less  important  problems  relating  to  the  human 
element  or  the  tendency  of  operators  to  neglect  fully  to  carry 
out  regulations,  instructions  or  even  arbitrary  commands  were 
the  causes  for  the  wiiter's  determination  to  design  if  possible 
a  receiver  which  would  take  care  of  both  the  conflicting  require- 
ments of  the  radio  laws  and  permit  the  emancipation  of  the  trans- 
mitter by  producing  a  receiver  which  would  hear  everything 
within  a  space  of  a  few  seconds,  or  before  much  harm  could  come 
to  a  distressed  vessel  and  still  be  able  to  exclude  anything  which 
the  present  day  receivers  will  exclude. 

The  first  requisite  was  a  receiver  that  could  be  caused  to 
''sweep  the  ether,"  so  to  speak,  in  the  same  way  as  a  search- 
light sweeps  the  horizon.  This  means  that  there  must  be  a 
gradual  and  continuous  sweep  from  the  shortest  to  the  longest 
wave  length  within  the  range  of  the  instrument.     A  receiver 


embodying  this  faculty  in  a  very  simple  form  is  one  having  only 
one  variable  point  or  element.  A  fixed  inductance  and  a  variable 
condenser  in  series  with  the  antenna  and  ground  and  with  the 
detector  and  telephones  across  the  inductance  or  condenser  is 
a  simple  illustration.  Such  a  device  has  not  sufficient  range 
to  fill  the  practical  requirements  however.  As  a  practical  mat- 
ter, it  develops  that  more  than  one  varj^ing  or  wave  changing 
point  must  be  provided. 

The  second  requisite  was  that  in  whatever  direction  the  re- 
ceiver developed,  it  must  be  operated  entirely  by  a  single  driving 
force  or  control.  It  must  further  be  capable  of  repeating  the 
wave  change  cycle  over  and  over  again  at  a  speed  permitting 
the  operator's  attention  to  be  attracted  by  faint  signals  whenever 
the  receiver  swept  by  or  passed  thru  the  tune  corresponding  to 
the  wave  length  of  such  signals. 

Such  a  device,  I  believe,  is  the  receiver  to  be  described  in 
this  paper. 

An  elementarj'  diagram  illustrating  the  principle  is  shown 
in  Figure  1,  which  shows  a  unit  coil  of  inductance  UL  and  a  mul- 
tiple unit  coil  of  inductance  ML.  A  capacity  K  provides  for 
the  oscillatory  character  of  the  circuit.  The  unit  switch  US 
has  attached  to  its  shaft  a  gear  such  as  the  spur  or  intermittent 
type,  which  drives  the  multiple  unit  switch  M  S  thru  a  similar 
gear  of  slower  rotation.  As  the  unit  switch  brings  consecutively 
into  the  circuit  the  inductance  represented  by  taps  a,  h,  and  c, 
respectively,  the  multiple  unit  switch  moves  over  to  tap  1,  2,  or  0 
as  the  case  may  be.  The  movement  of  the  multiple  imit  switch 
from  one  tap  or  segment  to  another  is  arranged  to  take  place 
whenever  the  unit  switch  moves  from  tap  c  to  d.     The  imit  switch 


moves  clockwise  and  the  multiple  unit  switch  counter  clockwise. 
Figure  2  illustrates  the  same  circuit  as  Figure  1  with  the  addi- 
tion of  a  variable  condenser  V  C  which  enters  the  circuit  in  series 
with  the  inductance  coils  whenever  the  switch  arm  M  S  connects 
the  tap  or  segments  0  and  3. 


Figure  2 


It  will  be  noted  that  whenever  condenser  T'  C  is  in  circuit, 
the  circuit  instead  of  being  thru  the  return  wire  W  and  the  tap 
a,  is  thru  the  wires  P,  Q,  and  the  adjustable  contact  R,  and  the 
tap  b.  As  the  contact  R  can  be  placed  on  any  of  the  taps  a,  h, 
c  or  d,  it  can  be  placed  so  as  to  compensate  for  the  entrance  of 
the  condenser  V  C  into  the  circuit  and  keep  a  wave  length  gap 
from  appearing  there.  Of  course,  in  practice  there  are  always 
a  few  turns  of  inductance  kept  in  the  circuit  for  coupling  to  the 
detector.  With  the  compensating  inductance  controlled  by 
contact  R  the  receiver  may  be  adjusted  for  use  with  a  condenser 
K  having  different  capacities.  As  the  condenser  K  represents 
the  capacity  of  an  antenna,  the  set  may  be  adjusted  for  different 
antennas  so  as  to  have  no  wave  length  gap  or  overlap  when  the 
variable  condenser  V  C  enters  the  circuit  for  the  purpose  of  re- 
ducing the  period  of  the  circuit  below  its  noi'mal  or  fundamental 
wave  length,  such  as  when  it  is  desired  to  come  down  to  short 
wave  lengths. 

Figure  3  f  is  the  same  as  Figure  1,  with  the  condenser  of  Figure 
1  replaced  by  the  antenna  F  and  the  ground  G,  and  there  is  also 

t  The  method  shown  in  Figures  3  and  4  for  securing-  oscillations  of  the 
period  of  the  oscillatory  circuit  is  only  one  means  of  securing  the  desired  result. 
Any  other  or  more  preferred  method  for  exciting  the  antenna  or  oscillatory 
circuit  at  substantially  its  own  period  may  be  used. 


connected  to  the  inductance  a  generator  of  radio  frequency  cur- 
rents in  such  a  manner  as  to  generate  waves  of  substantially  the 
same  length  as  the  wave  length  of  the  antenna.  The  signaling 
device  S  may  be  a  telegraph  key  or  telephone  transmitter. 
This  figure  illustrates  the  device  as  applied  to  a  transmitter. 


Figure  3 


Figure  4 1  illustrates  the  same  circuit  as  Figure  3,  with  the  addi- 
tion of  a  detector  circuit  for  indicating  such  damped  wave  ti'ains 
as  may  be  produced  in  the  antenna  F-G  by  the  an-ival  of  damped 
wave  trains  or  continuous  wave  signals,  either  or  both,  fi'om 
a  distant  station. 

Figure  5  represents  a  wiring  diagram  of  a  receiver  having  a  range 
from  150  up  to  about  3,500  meters  on  the  ordinary  ship's  antenna. 

The  fixed  or  minimvun  number  of  turns  in  the  antenna  coil 
is  10  turns.  The  total  turns  controlled  by  the  unit  switch 
is  25  tiu'ns  and  therefore  each  section  of  th(>  multiple  unit  coil 
has  26  turns.  Every  other  section  is  cut  off  fiom  the  rest  by  a 
dead-end  cut-ofT  switch. 

The  ratio  of  the  gears  of  the  unit  switcli  to  the  multiple  unit 

switch  is  l-to-12,  and  between  the  multiple  unit  switch  and  the 

fThe  method  shown  in  Fijjures  3  and  4  for  securing  oscillations  of  the 
period  of  the  oscillatory  circuit  is  only  one  means  of  securing  the  desired 
result.  Any  other  or  more  iireferred  method  for  ex.'iting  the  antenna  or  oscil- 
latory circuit  at  substantially  its  own  period  may  l)e  usi'd. 
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Figure  4 
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variable  condenser  is  3-to-l.  That  is,  the  multiple  unit  switch 
travels  one-sixth  of  its  circumference  on  the  segments  3  and  0 
while  the  variable  condenser  is  going  from  0  to   180  degrees. 


Tho  the  condenser  keeps  revolving  while  the  unit  switch  is  varying 
the  wave  length,  it  is  not  in  circuit  except  during  the  above 
described  period.  Also,  tho  the  unit  switch  keeps  revolving 
while  the  variable  condenser  is  in  circuit,  the  circuit  is  then  no 
longer  thru  the  unit  switch  so  that  the  inductance  is  not  varied. 
If  the  detector  circuit  J  is  properly  constructed  and  asso- 
ciated with  the  antenna  inductance  coils,  the  antenna  is  left  free 
to  oscillate  without  interference  or  reaction  bj^  associated  cir- 
cuits and  the  full  advantage  may  be  taken  of  antenna  resonance. 
The  detector  coil  and  circuit  as  a  whole  must  be  substantially 
non-accumulative.  That  is  to  say,  the  capacity  which  gives 
the  ordinary  coil  and  associated  elements  the  power  to  accumu- 
late energy  in  substantial  quantities  to  react  against  the  antenna, 
or  exciting  frequency  must  be  eliminated  to  a  point  where  its 
effects  are  no  longer  felt  and  then  if  this  coil  and  the  antenna 
coils  are  associated  with  the  proper  degree  of  intimacy,  the  an- 
tenna and  detector  coil  act  entirely  as  one  at  all  frecjuencies  and 
the  maximum  combined  efficiency  and  selectivity  are  obtained 
without  the  many  objectionable  features  of  attaching  the  de- 
tector physically  to  any  part  of  the  antenna  circuit  or  attaching 
it  to  an  associated  tuned  circuit. 

I  have  made  the  essential  requirements  for  the  construction 
and  association  of  such  coils  and  circuits  so  as  to  obtain  the 
maximum  efficiency  and  selectivity  the  subject  of  separate 
patent  applications,  and  will  be  glad  at  some  future  date  to  read 
a  paper  and  describe  in  detail  the  principle  and  construction 
involved  whereby  I  am  able  to  secure  for  any  wave  length  range 
equal  or  greater  selectivity  and  efficiency  than  is  secured  Ij}-  the 
most  modern  two-circuit  receivers. 

Figure  6  is  a  photograph  of  a  type  of  receiver  furnished  to 
the  Signal  Corps  and  is  intended  as  the  ordinary  commercial 
or  ship  type.  It  is  to  be  noted  that  the  detector  coil  is  movable 
with  respect  to  the  antenna  coil.  This,  however,  merely  has 
the  effect  of  decreasing  or  strengthening  the  signals,  useful  in 
congested  areas  where  one  does  not  always  want  the  fullest 
strength  of  signals  obtainable.  A  hand  crank  only  was  provided 
with  these  particular  receivers. 

Figure  7  was  taken  with  the  front  panel  of  the  receiver  off 
and  shows  the  dial  calibration  card  with  the  wave  length  space 
blank.  When  the  receiver  is  attached  to  a  particular  antenna 
this  calibration  card  is  taken  off  and  the  wave  lengths  correspond- 
ing to  the  divisional  lines  are  marked  in  the  space  provided. 
This  card  is  then  properly  adjusted  on  the  receiver  with  respect 
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Figure  6 

to  the  positions  of  the  switches  and  incoming  wave  lengths  are 
then  read  directly. 

Figure  8  shows  the  calibration  card  removed,  exposing  the 
gear  drive  which  is  self-contained  in  an  aluminum  casting  frame. 
The  large  gear  is  of  bakelite. 
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Figure  0  is  a  top  view  showing  antenna  coils,  variable  con- 
denser, dead-end  cut-off  switches,  and  so  on.  All  apparatus  is 
mounted  on  the  middle  or  bottom  panels. 

Figure  10  shows  the  motor  drive  and  worm  gear  box  for  driv- 
ing the  i-eceiver  thru  an  especially  designed  flexible  speedometer 
drive.  A  speed  control  rheostat  and  start  and  stop  pash  button 
is  also  shown  on  the  tabl(>. 
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Figure  10 


The  schematic  arrangement  is  shown  in  Figure  11.  The 
apparatus  to  the  left  of  the  thin  dotted  line  may  be  under  the 
table  or  some  place  out  of  the  way  of  the  operator.  The  appara- 
tus to  the  right  of  the  dotted  line  should  be  in  easy  reach  of  the 
operator.  The  clutch  mechanism  whereby  the  operator  engages 
or  disengages  the  power  drive  is  best  shown  in  this  figure.  The 
flexible  power  drive  shaft  is  connected  to  the  shaft  10  which 
thru  the  bevel  gear  11  drives  the  bevel  gear  12.  This  gear  12 
rides  free  on  the  main  or  hand  driving  shaft  15  except  when  the 
teeth  13  are  engaged  w4th  similar  teeth  13A  on  the  collar  loA 
which  turns  with  the  shaft  15  but  which  can  be  moved  in  or  out 
bj'^  the  operator  to  engage  or  disengage  the  power  drive  as  desired. 
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In  December,  1918,  Commander  Hooper,  while  testifying^ 
before  the  Congressional  Committee  on  Merchant  Marine  and 
Fisheries  which  was  hearing  the  Navy's  evidence  as  to  why  it 
thought  that  it  should  have  a  monopoly  of  all  radio  stations  with 
reference  to  ship  to  shore  business  said: 

''It  was  found,  after  the  stations  became  sufficiently 
numerous,  that  when  one  station  was  working  another 
station  would  be  interfered  with,  not  because  there  were 
not  a  large  number  of  wave  lengths  in  this  area  of  wave 
lengths,  but  in  order  to  guarantee  that  all  ships  can  inter- 
communicate and  communicate  with  any  shore  station.s 
they  happen  to  pass  in  any  part  of  the  globe,  they  must 
all  communicate  on  one  wave  length,  which  happens  to 
be  designated  as  600  meters.  That  wave  length  is  agreed 
to  internationally  and  is  in  common  use  thruout  the  world. 
If  that  had  not  been  agreed  upon,  it  is  obvious  that  ships 
choosing  any  wave  length  they  wished  to  call  the  shore 
station,  and  the  shore  station  listening  on  all  wave  lengths 
at  the  same  time,  they  would  not  hear  the  calls.  A  ship 
in  distress  might  require  hours  before  she  could  reach  any- 
body, and  it  would  be  a  very  serious  situation.  In  fact, 
it  is  absolutely  necessary  that  all  ships  and  all  coastal 
stations  which  are  able  to  work  with  the  ships  should  call 
and  answer  each  other  on  600  meters.  Now,  since  that  is 
necessary,  it  must  be  a  matter  of  very  careful  regulation 
to  see  that  they  do  not  interfere  with  one  another.  For 
example,  a  ship  on  the  high  seas,  300  or  400  miles  (500  to 
700  km.)  off  the  coast,  wishes  to  send  a  message  to  Norfolk 
at  the  same  time  that  Norfolk  wishes  to  send  a  message 
to  the  ship.  He  calls  Norfolk,  and  Norfolk  tries  to  send 
a  message  to  him  on  600  meters,  and  Charleston  begins  to 
send  a  message  to  some  other  ship  on  600  meters,  and  this 
poor  fellow  is  out  there  where  the  signals  come  in  equally 
strong  from  both  stations,  and  he  cannot  read  either. 
With  hundreds  or  thousands  of  ships  along  the  coast  and 
many  coastal  stations  all  trying  to  work  on  the  same  wave 
length,  it  can  readily  be  seen  that  there  is  endless  confusion 
unless  the  most  careful  regulation  is  exercised." 

Mr,  Bankhead:  "What  sort  of  regulation  do  you  suggest,  in 
that  connection?" 

Unfortunately  Commander  Hooper  apparently  did  not  under- 
stand the  question  and  his  answer  therefore  did  not  give  us  the 
solution.  The  laws  of  selectivity  as  at  present  understood  do 
not  permit  a  multiplicity  of  stations  to  transmit  on  the  same 
wave  length  without  interference  regardless  of  how  sharp  the 
transmitted  wave  or  how  selective  the  receiver.      ■* 

Commander  Hooper,  still  speaking  of  this  phase,  said: 
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"If  it  were  not  for  the  fact  that  all  the  ships  have  to 
listen  for  calls  on  the  same  wave  lengths  and  that  the 
apparatus  should  not  be  tuned  too  sharply — otherwise 
the  man  listening  will  not  hear  the  ship  call,  even  if  he  has 
nearly  the  same  wave  lengths — then  there  would  be  no 
question  in  it  as  to  this  second  phase.  But  the  ships  must 
listen  on  this  600  meters,  and  the  shore  station  must  listen 
on  that,  otherwise  their  calls  will  be  unheeded.  I  think 
it  is  obvious  that  to  get  the  best  service  we  must  have  it 
under  the  most  highly  organized  control.  I  do  not  think 
there  will  be  any  objection  to  this  on  the  part  of  the  com- 
mercial companies.  Their  objection  is  going  to  be  on  the 
third  phase." 

It  is  plain  from  Commander  Hooper's  statements  that  the 
most  convincing  argument  for  Government  ownership  is  this  im- 
possible situation  of  all  ship-to-shore  or  ship-to-ship  business  hav- 
ing to  be  carried  on  and  all  listening  and  all  calling  being  done 
on  600  meters.  This  is  true  even  tho  the  proponents  of  Gov- 
ernment ownership  do  not  clearly  explain,  in  the  light  of  the 
international  treaties  and  regulations  and  the  fact  that  a  great 
part  of  the  ships  causing  interference  fly  foreign  flags,  just  how 
Government  monopoly  is  going  to  overcome  the  difficulty. 

It  may  now  sound  like  a  rather  far-fetched  prediction  but  I 
truly  believe  that  if  all  ships  at  present  had  permission  to  transmit 
on  any  and  all  wave  lengths  and  were  in  turn  all  equipped  with 
some  such  device  as  the  uni-control  receiver,  if  then  they  all 
operated  in  accordance  with  well  conceived  international  regu- 
lations, interference  would  be  reduced  far  below  anything  which 
may  possibly  be  brought  about  thru  government  or  private 
monopoly.  Not  only  do  I  believe  this  would  be  true  but  I 
further  believe  that  the  chances  for  distress  messages  going  un- 
heard would  be  likewise  reduced,  regardless  of  what  wave  length 
the  ship  in  distress  chose  to  send  its  distress  call  upon. 

Furthermore,  it  would  no  longer  be  necessary  for  all  ships 
to  quit  work  within  the  radius  of  the  distressed  vessel,  except 
those  engaged  in  helping  the  distressed  vessel.  International 
regulation  could  simply  reserve  a  certain  wave  length  range  for 
distress  business  and  all  other  stations  not  concerned  could  shift 
to  other  ranges  and  go  about  their  normal  business. 

Let  us  see  how  this  might  possibly  be  done. 

First,  let  us  assume  that  the  present  receiver  will  do  every- 
thing claimed  for  it  as  regards  selectivity  and  efficiency,  or  that 
it  can  in  the  hands  of  proper  radio  engineers  be  made  to  do  so.  I  be- 
lieve that  it  is  said  that  with  undamped  single  wave  transmission, 
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stations  the  wave  lengths  of  which  do  not  differ  less  than  5  per 
cent,  will  not  interfere.  Now  if  the  transmitters  only  have  a  range 
from  300  to  3,000  meters  there  are  still  48  wave  lengths  within 
this  range,  all  of  which  differ  at  least  5  per  cent,  from  each  other. 
As  I  see  it,  there  is  no  reason  then  why  at  least  48  ships  or  land 
stations  might  not  send  and  48  land  or  ship  stations  all  receive, 
or  a  total  of  96  stations  work,  all  within  the  same  radius  without 
using  up  any  more  of  the  total  practical  wave  length  range 
available  than  from  300  to  3,000  meters.  As  ships  may  easily 
go  up  to  5,000  or  6,000  meters  without  getting  into  the  high 
power  station  range,  it  is  seen  that  the  theoretical  limit  has  by 
no  means  been  reached. 


Figure  11 


The  reason  why  this  cannot  ho  done  with  present  aj^paratus 
is  that  unless  a  station  could  know  on  just  which  one  of  these 
48  wave  lengths  it  was  going  to  be  called,  it  might  never  hear 
the  station  doing  the  calling.  And  then  if  a  ship  should  open 
up  with  a  distress  call  it  would  probalily  be  found  that  the 
stations  within  hearing  distance  would  be  listening  on  almost 
any  and  every  wave  length  except  the  one  used  by.  the  vessel 
in  distress.  If,  however,  these  48  wave  lengths  were  consecu- 
tively and  continuously  being  passed  by  the  ear  of  listening 
operators  by  means  of  the  motor  driven  uni-control  receiver, 
no  one  could  possibh^  call  without  ])eing  heard  within  a  few 
seconds  at  the  latest  and  once  the  call  was  heard  and  the  receiver 
stopped  at  that  particular  wave  length  none  of  the  other  47 
transmitters  need  interfere. 

oil 


Further  to  illustrate  the  possibilities  of  eliminating  inter- 
ference thru  the  use  of  the  uni-control  receiver  and  still  permit 
a  large  number  of  stations  to  work  without  fear  of  not  being 
beard  in  case  of  distress  calls,  let  us  assume  that  there  are  within 
a  radius  of  500  miles  of  New  York  a  total  of  96  ship  and  shore 
stations,  all  of  whom  desire  to  pair  off  and  work  at  the  same 
time.  This  means  that  48  stations  would  be  sending  and  48 
receiving  after  they  all  got  into  communication. 

Let  us  take  the  dial  calibration  card  that  goes  with  each 
receiver  and  divide  it  up  into  48  sectors,  each  sector  to  correspond 
to  one  of  the  48  wave  lengths  with  which  each  transmitting 
station  would  be  provided.  Let  us  then  number  these  sectors 
from  1  to  48  consecutively — Sector  1  to  correspond  to  300  meters 
^nd  Sector  48  to  correspond  to  3,000  meters,  and  the  inter- 
mediate sectors  to  correspond  to  intermediate  wave  lengths, 
no  two  of  which  would  be  closer  than  5  per  cent,  from  each  other. 
In  addition  to  these  sectors,  there  would  still  be  the  division 
lines  on  the  card  and  the  actual  wave  lengths  in  units  of  10  or 
25  meters  would  be  marked  directly  on  the  card. 

A  ship  300  miles  from  New  York  wishes  to  get  into  touch  with 
a  station  on  Long  Island.  He  simply  listens  while  his  receiver 
makes  a  few  complete  cycles  during  which  he  will  hear  all  of  the 
stations  sending  between  300  and  3,000  meters.  He  notes  the 
numbers  of  the  sectors  in  which  there  are  stations  working,  and 
lie  notes  the  numbers  of  the  sectors  in  which  he  hears  no  signals. 
For  instance,  he  finds  that  stations  are  working  on  a  number 
of  wave  lengths,  but  he  notes  that  when  his  receiver  is  pas.sing 
thru  sectors  from  16  to  20,  inclusive,  he  hears  no  sound.  He 
is,  therefore,  fairly  safe  in  assuming  that  the  wave  lengths  cor- 
responding to  these  sectors  are  not  being  used  within  his  receiving 
radius,  and  he  therefore  chooses  sector  number  18  upon  which 
to  transmit  his  call  to  the  Long  Island  station.  When  the  re- 
ceiver of  the  Long  Island  station  passes  thru  sector  number  18 
lie  will  hear  his  call  and  will  hear  no  other  signals  provided  there 
are  no  other  stations  vising  this  same  wave  length  closer  than  the 
ship  which  is  calling  him.  He  would  then  choose  this  same 
wave  length  corresponding  to  sector  number  18  upon  which  to 
answer,  or  he  can  choose  a  sector  corresponding  to  any  other 
wave  length  which  from  his  observation  will  cause  the  least 
interference  in  his  neighboi'hood.  In  any  event,  a  ship  station 
will  hear  him  about  as  quickly  if  he  choose  sector  number  44 
as  if  he  had  chosen  number  18  or  number  1.  The  point  is  that 
^ach  one  chooses  a  wave  length  or  sector  upon  which  to  call 
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the  other  which  is  not  l)eing  used  by  anyone  within  hearing 
•distance.  If  upon  establishing  communication,  the  stations 
hnd  that  they  are  actually  interfering  with  some  other  station 
the  choice  of  one  or  two  unoccupied  sectors  upon  which  to  try 
■communication  again  would  undoubtedly  result  in  the  estab- 
lishment of  communication  without  any  further  interference. 

All  this  time,  if  any  station  should  open  up  with  a  distress 
•call,  using  any  wave  length  of  the  48  between  300  and  3,000 
meters,  any  of  the  receiving  stations  the  receivers  of  which  were 
still  revolving  (indicating  that  they  were  not  working)  would 
hear  them  by  the  time  their  receiver  made  one  complete  cycle, 
and  if  by  chance  the  transmitters  were  equipped  with  uni-con- 
trol  devices  as  well  as  the  receivers,  the  distress  call  could  be 
sent  out  on  all  48  of  the  transmitting  wave  lengths  within  a  few 
seconds  to  attract  the  attention  not  only  of  those  stations  which 
■were  not  working  ])ut  also  those  stations  which  were. 

To  accomplish  these  results  neither  Government  nor  private 
monopoly  is  necessary,  l)ut  only  such  international  regulations 
as  would  compel  all  ship  and  general  public  service  shore  stations 
to  be  provided  with  the  same  48  wave  lengths  upon  which  to 
transmit,  and  also  to  be  provided  with  uni-control  receivers 
with  dial  cards  divided  into  48  sectors  corresponding  to  the  wave 
lengths  of  the  transmitters. 

The  main  purpose  of  this  paper  is  to  point  out  some  of  the 
results  which  might  become  possible  thru  the  introduction  of 
such  a  receiver  as  the  uni-control  into  general  use. 

In  order  to  encourage  radio  engineers  and  operating  com- 
panies to  give  the  matter  due  thought  and  at  least  attempt 
in  some  measure  to  realize  some  of  the  results  pointed  out  as 
possibilities,  the  Government  and  such  reputable  radio  concerns 
as  may  wish  it,  will,  for  a  nominal  royalty,  ])e  given  a  license 
under  such  patents  as  ma.y  issue. 

No  attempt  was  made  by  me  to  get  any  department  of  the 
Government  to  purchase^  or  use  the  receivei'.  It  was  spoken  of 
to  representatives  of  the  Bureau  of  Steam  Engineering  some  time 
ago,  but  they  said  they  would  not  be  interested  in  new  devices 
during  the  war. 

The  original  sample  was  given  to  Dr.  Austin  in  order  to 
secure  a  comparison  of  this  receiver  when  tested  with  other 
receivers  available  in  the  Navy  Department.  His  report  was 
that  the  receiver  compared  quite  favorably  with  other  well 
constructed  receivers  as  regards  selectivity  and  efficiency  but 
that  he   could   see  no  particular  advantage  in   the  uni-control 


feature.  This  is  the  first  attempt  I  have  made  to  argue  its 
possible  advantages.  The  only  ones  sold  have  been  some  which 
were  sent  to  Colonel  Krumm  in  France,  who  happened  to  know 
of  m\'  efforts  while  he  was  Chief  Radio  Inspector  in  the  Depart- 
ment of  Commerce,  and  who  cabled  for  them  thru  General 
Pershing. 

The  wave  length  ranges  and  the  number  of  wave  lengths 
which  might  be  used  without  interference,  as  mentioned  herein, 
are  for  illustrative  purposes  only,  and  are  given  simpl}'  to  illus- 
trate the  idea  and  possibilities  of  this  type  of  receiver  in  con- 
nection therewith. 

I  have  not  attempted  to  go  into  the  advantages  of  this  tj'pe 
of  receiver  where  inexperienced  operators  only  are  available, 
and  neither  have  I  attempted  to  point  out  the  many  valuable 
uses  to  which  a  uni-control  receiver  could  be  put  in  simplify- 
ing the  work  of  the  average  ship  operator,  whether  or  not  it 
was  desirable  to  use  the  motor  drive  feature  and  take  advan- 
tage of  the  possibilities  opened  up  thru  its  use. 

Undoubtedly  the  mechanical  construction  of  the  receiver 
can  and,  in  the  ordinarj^  course  of  events,  would  be  designed 
to  meet  the  requirements  to  which  the  receiver  would  be  put. 
I  have  simply  shown  circuits  and  mechanism  which  will  serve 
all  the  requirements  of  a  ship  or  general  public  service  land 
station  set,  utilizing  the  range  of  wave  lengths  now  generally 
employed  in  such  receivers. 

I  have  not  attempted  to  describe  a  receiver  which  will  cure 
all  of  the  troubles  inherent  to  radio  communication,  but  have 
simply  described  one  which  I  believe  will  certainly  add  noth- 
ing to  the  complications  already  existing  and  which  may,  and 
in  fact  should,  without  doubt,  make  it  much  easier  for  the 
operator  to  secure  such  results  as  he  secures  at  the  present 
time  with  the  additional  possibilities  outlined  herein  and 
others  which  will  undoubtedly  suggest  themselves  to  other 
workers. 

If  thru  this  paper  other  companies  may  take  up  the  sub- 
ject and  determine  the  full  possibilities  thru  practical  appli- 
cation, I  shall  consider  that  my  work  has  not  been  entirely  in 
vain. 

SUMMARY:  The  design  and  construction  of  a  receiver,  operating  efficiently 
and  selectively  over  a  long  range  of  wave  lengths  on  any  antenna  of  ordinary 
dimensions,  and  controlled  by  a  single  handle,  are  described  in  detail.  The 
addition  of  a  motor  for  driving  the  wave-changing  adjustment  continuously 
is  shown. 

The  possibilities  of  such  a  receiver  for  the  solution  of  the  interference 
problem  are  discussed. 
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DISCUSSION 

John  V.  L.  Hogan:  Mr.  Thompson's  admirable  paper  has 
liroiight  out  clearl}'^  the  fallacy  which  underlies  our  present  law 
on  radio  signaling.  The  combination  of  first  requiring  a  certain 
definiteness  of  tuning  to  minimize  interference,  and  thereafter 
forcing  all  public  service  communication  to  proceed  upon  a 
single  wave  length  is,  from  the  commercial  viewpoint,  worthy 
of  Alice  in  Wonderland.  From  the  opposite  side,  however,  it 
should  be  noted  that  by  confining  the  business  of  radio  to  a  narrow 
zone  of  wave  lengths  and  restricting  the  breadth  of  tuning  so 
that  little  interference  can  be  produced  outside  of  that  zone, 
the  activities  of  the  commercial  companies  are  effectively  limited 
while  the  governmental  stations  are  virtually  unhampered. 

The  limitation  of  radio  apparatus,  to  which  Mr.  Thompson 
refers  as  a  basis  for  the  present  law,  surely  need  not  exist.  He 
proposes  that  all  stations  be  permitted  a  substantially  free  choice 
of  transmitted  wave  lengths,  and  that  each  be  equipped  with  a 
receiver  which  will  "sweep  the  ether"  with  sufficient  rapidity  to 
intercept  an}^  and  all  calls,  upon  whatever  wave  they  may  be 
uttered.  This  resolves  itself  into  two  main  elements:  (1)  a  re- 
ceiver which  will  respond  to  successively  different  wave  lengths 
and  which  is  controlled  l^y  a  single  motion,  and  (2)  a  mechanism 
to  adjust  the  receiver  continuously  and  repeatedly  thru  its  wave- 
frequency  range  at  a  definite  rate. 

I  cannot  endorse  too  heartily  the  value  of  the  uni-control 
feature  in  either  a  receiver  or  a  transmitter.  In  my  experience 
with  the  conditions  of  commercial  and  military  radio  operations 
I  have  found  a  well-tuned  receiver  to  be  the  exception,  whenever 
primary  and  secondary  circuits  were  separately  adjustable. 
Frequently  the  difficulty  of  establishing  or  maintaining  com- 
munication has  been  traced  to  nothing  more  than  a  failure  to 
tune  in  a  proper  manner  both  circuits  of  the  receiving  apparatus. 
As  the  International  Radio  Telegraph  Company  and  its  pre- 
decessor, the  National  Electric  Signaling  Company,  have  long 
realized  the  use  of  a  single  variable  element  for  adjusting,  the 
entire  receiver  will  eliminate  much  of  this  troul)le.  I  may  say, 
without  going  into  further  detail,  that  we  have  built  simple 
apparatus  embodying  this  single-varia))le  or  uni-control  tcature, 
and  that  our  demonstrations  have  convinced  us  of  its  great 
utility.  With  it  we  have  invariably  V)een  able  to  pick  up  signals 
of  unknown  wave  length  in  a  time  much  shorter  than  was  pos- 
sible with  the  separately  adjustable  circuits,  and  frequently  we 
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have  discovered  and  copied  messages  arriving  thru  interference 
which  obhterated  them  when  broadly  tuned  or  closely  coupled 
secondary  circuits  were  used.  I  feel  that  the  single  variable 
tuner  should  come  into  extensive  use,  and  that  thru  it  we  will 
be  able  to  solve  many  of  our  traffic  problems. 

As  to  the  second  factor,  I  do  not  feel  so  sanguine.  It  re- 
quires a  definite  time,  of  say  five  seconds  or  more,  to  recognize 
a  station  call  in  Morse,  and  at  least  this  interval  should  be  spent 
in  listening  on  each  wave  length  within  the  range  of  the  receiver. 
If  we  should  use  the  48  wave  lengths  proposed  by  Mr.  Thompson, 
it  would  require  four  minutes  to  complete  the  cycle  and  to  begin 
again;  manifestly  we  should  be  likely  to  miss  many  important 
signals  on  the  momentarily  silent  or  detuned  wave  lengths.  By 
reducing  the  number  of  waves  used  this  difficulty  would  be  cor- 
respondingly diminished  in  in:iportance,  but  at  the  same  time  the 
possibilities  of  sinultaneous  signaling  would  be  cut  down  in 
proportion.  I  still  incline  toward  the  plan  of  using  a  specified 
wave  length  for  all  calls  and  distress  signals*,  and,  by  the  utiliza- 
tion of  single-control  senders  and  receivers,  passing  to  other  free 
but  officially  determined  wave  lengths  for  the  transmission  of 
messages  immediately  after  communication  has  been  established. 
Since  all  receivers  and  transmitters  remain  normally  at  the 
"calling"  frequency,  and  since  traffic  is  entirely  on  other  fre- 
quencies, this  plan  should  give  the  maximum  protection  to  life 
and  property  at  sea  as  well  as  the  maximum  freedom  for  sim- 
ultaneous transmission  of  messages  by  radio. 

Mr.  Thompson's  receiver  appears  to  vary  the  tuning  of  only 
the  antenna  circuit.  It  seems  that  this  process  will  not  give  the 
greatest  signal  intensity  combined  with  the  greatest  selectivity. 
I  am  sure  that  all  of  use  will  await  with  interest  Mr.  Thompson's 
future  paper,  which  he  hints  will  reconcile  the  conflicts  that,  in 
our  present  views,  limit  selectivity  of  spark  signals  by  the  rate 
at  which  energy  is  drawn  from  the  tuned  receiver  circuits.  On 
the  whole,  however,  we  should  be  gratified  by  the  progress  which 
is  indicated  in  the  design  of  the  apparatus  described  in  the  paper, 
and  we  should  join  in  congratulating  Mr.  Thompson  upon  his 
work. 


*  Compare    "International   Radio-Telegraph   Congress,"   Hogan,  "Elec- 
trical World,"  New  York,  June  22,  1912. 


ON  THE  THEORY  OF  RADIOTELEGRAPHIC  AND 
RADIOTELEPHONIC  RECEIVER  CIRCUITS* 

By 

J.  F.  J.  Bethenod 

(Paris,  France) 

In  two  previous  papers  (see:  ''Jahrbuch  der  drahtlosen  Tele- 
graphic und  Telephonie,"  1909,  volume  2,  number  6,  page  603 
and  volume  3,  number  3,  page  302)  I  have  already  published 
the  general  conditions  which  will  give  the  greatest  efficiency  for 
a  receiving  set,  when  the  detector  (a  bolometer,  for  instance) 
is  inserted  in  the  secondary  oscillating  circuit.  The  first  object 
of  the  present  publication  is  to  extend  these  conditions  to  receiving 
sets  in  which,  as  is  more  visually  the  case,  the  detector  D  (a  valve 
of  any  kind)  is  (Figure  1)  connected  across  the  terminals  of  the 
secondary  tuning  condenser  C2,  and  a  condenser  K  of  relatively 
high  capacity  is  shunted  across  the  telephone  T.     A  further  ob- 


L,R 


Figure  1 


ject  is  to  present  some  formulas  concerning  the  Ijcst  adjustment 
of  capacity  K  and  of  the  constants  of  the  telephone  T,  especially 
in  case  of  a  beat  reception.  In  this  connection,  the  theory  of 
the  "approximate  rectifier"  (see  B.  Liebowitz,  "Quantitative  Rela- 
tions in  Detector  Circuits,"  Proceedings  of  The  Institute 
OF  Radio  Engineers,  volume  5,  number  1,  page  33,  1917)  is 

*  Received  by  the  Editor,  December  3,  1918. 
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established  in  a  novel  manner.  For  greater  clearness,  the  latter 
subject  will  be  treated  partially  in  the  first  portion  of  this  paper,, 
this  serving  as  an  introduction  to  the  remaining  portions. 

I.   The  Approximate  Rectifier 

Instead  of  presenting  the  characteristic  of  an  approximate 
rectifier  bj-: 

j  =  a,v+chr'-\-chy'-{-  ■  •  ■, 

as  proposed  b}'  H.  Brandes  ("Elektrotech.  Zeitschr.,"'  1906,  page- 
1,015),  Tissot,  and  Liebowitz  (former  citation),  we  prefer  to 
employ  the  power  series: 

7=p7  +  c7P+t7--'+    ■    .    •,  (1) 

where  the  current  and  the  voltage  are  denoted  by  I  and  V;  and 
the  magnitude  and  the  sign  of  the  coefficients  p,  a-,  r  are  deter- 
mined by  the  shape  of  the  characteristic. 

As  a  rough  approximation,  we  limit  the  power  series  (1)  to- 
the  term  of  second  degree: 

V  =  pI-.tP,  (1') 

and  this  term  will  be  taken  as  negative,  as  shown  Ijy  a  com- 
parison with  the  first  method  of  expansion,  in  which  the  co- 
efficient cio  is  positive  (Liebowitz,  former  citation). 

1 — Suppose  now  that  at  time  t,  the  current  thru  the  con- 
denser C2  is  J,  and  the  current  thru  the  telephone  T  is  /. 

Keeping  in  mind  equation  (1'),  the  Ohm  and  Kirchhoff  laws- 
give  the  following  equation: 

0  =  r.  (  (I-\-j)dt-\-p  (  Idt-(T  (  Pdt-\-R  (  idt, 

since  the  average  value  of  the  emf.  induced  by  the  primary  wind- 
ing is  zero,  if  this  emf.  is  periodic  (sustained  or  weakly  damped 
waves)  and  if  the  limits  of  integration  are  sufficiently  separated. 
But,  under  the  same  conditions,  Ave  maj'  w^'ite: 


/- 


Jdt  =  0, 
and  '  (2> 

which  means  that  the  average  currents  thru  the  condensers  are 
both  zero. 


It  follows  that: 


.h^J 


=  \  idt 


J 


Pdt; 


(3) 


•consequently,  the  average  cwrent  thru  the  detector  D  (or  the 
telephone)  is  always  different  from  zero,  as  well  as  the  square 
of  the  effective  current. 

This  result  illustrates  clearly  the  rectifying  property  of  the 
detector.  Further,  if  we  employ  an  electromagnetic  (polarised) 
-ammeter  and  a  hot  wire  apparatus,  the  sensibility  of  which  is 
sufficiently  high,  formula  (3)  will  easily  permit  the  experimental 
-determination  of  the  coefficients  p  and  cr.  Denote  by  y  the  ratio 
.fl'dt 
fidt 

means  of  additional  resistance,  plot  a  curve  (Figure  2)  with  dif- 
-erent  values  of  y  as  ordinates  and  the  correspondent  values  of 
this  sum  as  abscissas.     The  curve  thus  determined  from  (3)  is  a 


The  variation  of  the  sum   R-\-r,  being  obtained   by 


■straight  line,  and  it  cuts  the  horizontal  axis  at  the  point  S,  the 
■distance  of  which  from  the  origin  0  is  just  equal  to  />;  the  co- 
efficient cr  is  given  then  by 

1 
0-= — 

tariY 

Since  the  relation  (!')  is  only  approximate,  the  expcrimcntall}'- 
<ietermined  curve  may  differ  from  a  straight  line,  and  it  is  thus 
possible  to  obtain  in  each  case  the  degree  of  approximation. 
2— Put 

I  =  h  sin  n  t  -{-I2  sin  D.  t-\-i  ; 
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the  equation  (l')  then  becomes: 

V  =  pl2 sin  f^t+p  h'  sin  il't-hp  i' 

-<Ti'  [2hsui  Q.t  +  2Io' sin  i^' t  +  i']  (4) 

-o-  (7,  sin  n  ^+72'  sin  D,'ty. 

In  this  expression,  we  may  neglect  the  term  which  contains 
<Ti'  as  a  factor,  if  both  these  quantities  are  sufficiently  small.^ 
The  application  of  Ohm  and  Kirchhoff  laws  to  the  secondary 
circuits  of  Figure  1  thus  proves  easily  that  the  current 

l2sin  [lt-{-l2  sinfl't 
may  be  considered  as  produced  by  an  emf. 

E2sin{nt-\-x)+E2'sin  {n't-\-'/), 
induced  in  the  secondary  winding,  and  that  the  current  i'  flows 
simultaneously  as  the  result  of  an  emf.^ 

e  =  cr  (72smn  t+Ii  sin  ^' tY,  (5) 

which  originates  in  the  detector  D,  regarded  as  a  generator  of 
internal  ohmic  resistance  p.  Of  course,  according  to  relation 
(4),  this  detector  acts  as  an  ohmic  resistance  of  this  same  value  p 
so  far  as  the  flow  of  the  current  I2  sin  ft  t-\-l2'  sin  ^'t  is  concerned. 
Finally,  the  emf.  E2  sin  (O  /+/)  will  be  taken  as  the  emf.  of  radio 

frequency  —  induced  from  the  primary  winding,  while  the  emf. 

E2  sin  (n  t^y^  )  is  furnished  bv  a  local  generator  (not  indicated 

\     n'  .    . 

in  Figure  1),  the  frequency  of  which    —   is  given  by 

n'  =  (i+s)n, 

where  s  is  a  small  fraction. 

This  local  generator  is  the  "heterodj-ne"  oscillator  of  the 
receiving  set,  and  when  h'"^  0,  we  obtain  the  case  of  the  radio- 
telephone I'eceiver.  We  can  now  determine  the  best  conditions 
for  the  use  of  a  given  detector. 

II.  The  Radio  Frequency  Circuits 
According  to  the  above  mentioned  results,  we  may  write, 
using  the  customary  complex  method  and  taking  j  =  \/— 1: 

0  =  n  (h  +J)  +L2  n  (72  +.7)  j+M  n  7i  j+p  h,  (6) 


^This  assumption  will  be  further  justified. 

''See  M.  Latour,  "Electrical  World,"  April  24,  1915. 


In  these  equations  we  denote  by: 
E,  the  emf.  induced  l)y  the  waves,  per  centimeter  of  length  of 

the  antenna; 
I,  the  effective  length  of  the  antenna; 

Ri,  Li,  and  Ci,  the  resistance,  inductance,  and  capacity  of  the 
primary  circuit  (including  the  constants  of  the  antenna); 
/i,  the  primary  current; 

M,  the  coefficient  of  mutual  induction  between  the  two  circuits; 

the  other  sym]:»ols  having  the  same  significance  as  above. 

The  capacity    K  is  supposed  sufficiently  large  to  prevent 

the  flow  of  any  radio  frequency  current  thru  the  telephone  T.     It 

follows  that: 

o=M  n/ii+h+/o  (1-L2C2  n-)]  /2+n  (Lo-hnC.p)  i.j. 

In  order  to  find  the  conditions  for  which  the  maximum  current 
h  is  obtained,  it  is  possible  to  employ  the  method  published 
in  the  "Jahrbuch."  But  we  prefer  to  utilize  a  general  theorem 
which  is  a  very  useful  one  for  solving  such  a  problem.  Let  <f>i 
be  the  phase  displacement  between  E  and  h ;  from  the  principle 
of  conservation  of  energy,  and  taking  account  of  the  third  of  the 
equations  (6),  we  have: 

E 1 1 1  cos  (f)i  =  Hi  /r  +  r2  {l2'-\-J-)  -\-p  1 2-  (effective  values), 
or 

E I  h  cos  4>,  =  R,  7r  +  ['-2(1  +C2-  H'-'  p-)  ^p]  /•/. 

But  we  may  always  write: 

where  the  coefficient  X  is  a  function  of  the  constants 
Ci,  Li,  M ,  L2    •    •    ■,  and  so  on.      We  obtain  finally 

J  ^ XEUosjh /  s 

'     R,  +  [r2{\+CiD,''p')+p]X^'  ^^ 

The  angle  <^i  is  a  function  of  the  various  constants  Ti,  L\,  M, 

L2     .     .     .  ,  and  as  the  numbcn-  of  these  constants  is  sufficient, 

we  can  choose  0i  and   X  as  independent  variables,  for  a  given 

value  of  C2.     The  maximum  of  I-i  occurs  then  wlicn : 

cos4>x  =  \  (9) 

and 

Y2= ^ (\c\\ 

r2(l+C22nV')+/>  ^ 


As  r-2  is  generally  very  small,  we  may  write  approximately: 


A"^  =  ^-  (10') 


From  (8)  and  (9)  we  get 


7i=— —  •    (effective  values)  (ll) 

Hence,  when  the  current  7^  is  a  maximum,  the  primary  current 
is  in  phase  with  the  impressed  emf.  and  the  primar}^  losses  are 
equal  to  the  power  delivered  to  the  secondary  circuits.  When 
applied  to  the  first  of  the  equations  (7),  this  gives  immediately: 


Rili  = 


1  /:  =  (li  n-  ^-^^/li+M  n/.i-MC,  nv/2,       (7') 

and  therefore,  eliminating  the  ratio   y'y   we  obtain  the  two  fol- 

i  2 

lowing  conditions : 
R,[r,  +  p{l  -L, C,  no  1  +  n  {L-2  +  r, G  p)  (u H  -  ^ J^)  =  M'  H^, 

R^n  {L,  +  r,C2p)  -U^n-  -~^  [r.+p  {l-L2C2n^)]=M'n^C2p. 
\  CiH/  ^j2) 

Discussion:  We  shall  now  briefly  discuss  these  conditions: 
(a) — From  (8),  (9),  (10),  and  (11)  the  maximum  secondary 
current  is: 
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and  the  radio  power  supplied  to  the  detector 

EH'P 
•^'""^     4/?i[r2(l+C22IlV0+/>] 
This  also  increases  when  Co  decreases,  and  the  limit  is 

E'Pp 

4i?i(r2+/3)' 

(b) — When  €2=  0  (aperiodic   receiver)  the  formulas  (12)  are 
reduced  to: 

Rx  {r2+p)  +nL2  (li  ft  -  ^^ =M'  n^, 

1  '  (13) 

^'^~c;n^L2n 

Ri  r2+C' 


a  result  which  agrees  completely  with  the  formulas  of  my  precious 
papers,  derived  by  quite  a  different  method. 

(c)-^It  is  impossible  to  assume  simultaneoush-: 

because  of  conditions  (12). 

|[  (d) — Eliminatino-  M  between  these  conditions,  we  obtain  a 
relation  which  will  l)e  fulfilled  by  the  constants  Li,  Ci,  Lo,  d, 
before  coupling. 

III.   The  Audio  Frequexcy  Circuits 
The  formula  (5)  can  he  written 

€=l  (h'+I-/')  -  ^/2-  cos  2nt-ll/-  cos  2  il  +  c)n  t  ..,. 

2  2  2  [o  ) 

-o- /., I./ cos  (2+-0  nt-\-a lo'io cos s n t. 

We  retain  onh'  the  first  and  the  last  terms,  because  the  others 
cannot  produce  any  sensible  current  thru  the  telephone  T,  as 
the  correspondent  frequency  is  too  high. 

Thus,  the  emf .  e  may  be  considered  as  the  sum  of  a  direct  emf . 

o= ;(/==+/='=). 

and  furthermore  of  a  sinusoidal  emf.  equal  to:^ 
^,7  =  a-  h  1-2  cos  (0  t ; 

where  the  frequencj^  -—  =  '-     will  be  chosen  sufficiently  low  to 

give  a  musical  tone  in  the  telephone  (beat  detectoiO. 

We  will  consider  now  two  cases: 

(a) — 7o'=  0.  In  this  case,  the  direct  current  which  flows 
thru  the  telephone  (or  polarised  galvanometer  of  any  kind), 
according  to  the  preceding  considerations,  is: 

and  as  the  ampere-turns  are  proi)ortional  to  product  i,i\/ R,  the 

effect  is  a  maximum  when 

R-r,-\-p;  (15) 

^This  expression,  of  course,  is  valuable  as  long  as  the  approximation  (1') 
is  admissible;  if  this  is  not  the  case,  the  computations  are  very  complex. 
Further,  when  the  coefficient  o  is  sufficiently  small,  the  pnulucts  by  this  fac- 
tor of  the  currents  corresponding  to  the  emf.  e^  and  e„  will  lie  negligible,  and 
the  approximation  which  leads  to  the  relation  (5)  is  then  justified. 
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This  condition  determines  the  number  of  turns  of  the  winding, 
when  its  vohune  is  given. 

(b)^ — 72'>0.  This  is  the  case  of  the  best  reception.  We  will 
suppose  that  the  reactance  wLo  and  the  susceptance  C0C2  are 
negligible,  and  write  (where  ./=  \/  — 1): 

•  / 


K 


-j=LcoiaJ  +  Ria' 


Eliminating  i^,  we  get 

e. 


-=R+{r2+p)  {l-w'LK)+[Laj+{r2-\-p)KRw]j,       (16) 


a  relation  which  can  easily  be  discussed  by  means  of  the  diagram 
of  the  Figure  3,  in  which: 

(JP  =  r.+p  +  R, 

TQ=Lco, 

'HO  =  {n+p)LKco\ 


HA  =  ir2-\-p)KR(o, 
L  (0 


tan  5 


and,  therefore, 


QA  =  -^- 


From  (16)  we   see  that  the  audio   frequency  current  ia  is 
proportional  to  the  product  of  the  secondary  current  h  by  the 


current  I-/  induced  by  the  local  generator  (heterodyne),  as  has 
been  shown  for  the  first  time  by  Mr.  Marius  Latour  (former 
citation). 

If  we  then  change  the  value  of  the  capacity  K,  the  locus  of  the 
point  A  is  the  straight  line  OX,  and  the  maximum  of  4  for  a 
given  value  of  e^,  occurs  when  the  point  A  reaches  the  point  A'', 
QN  being  perpendicular  to  OX.  It  follows  from  an  inspection 
of  Figure  3: 

tan  0      sin  o 

or  t'  _        -^         _  ^^^  '^  ^^^  '^  _  •^^^^  ^^  f-i  7\ 

~  R^-\-L^(o^"~       coR       ~  co^L  '  ^     ^ 

Consequently,  the  best  capacity  is  independent  of  the  constants 
of  the  detector. 

The  current  ?„  is  then: 

^"~  V[i^  +  (r2+/o)  co52,)]2  +  [/?  tow  J  +  (r2+p)  sindcosi^f'      ^     ^ 
The   effective   ampere-turns   are   proportional   to   the    product 

ia'\/ Ry  and  the  ratio    ^^=tano    may  be  supposed  to  be  con- 
R 

stant. 

The  above  product  is  therefore  a  maximum  when: 

R={r.+p)cos',).  (19) 

It  is  interesting  to  compare  conditions  (15)  and  (19)  which 
may  differ  considerably  from  each  other  in  practice. 

It  may  be  further  mentioned  that  the  adjustment  of  the  num- 
ber of  turns  of  the  winding  can  be  avoided  by  means  of  an 
audio  frequency  transformer,  inserted  between  the  condenser  K 
and  the  telephone  T,  as  proposed  originally  by  the  late  Mr. 
Jegou.4  The  transformation  ratio  a  of  this  transformer  will  be 
easily  adjusted  to  the  best  value 

a  =  A  It-.     X 


''2+/0     cos  6 
according  to  the  previous  formula. 

The   use    of   this    transformer   also  avoids   the    flow  of  the 
direct  current  id  thru  the  telephones. 

SUMMARY:  Proceeding  from  a  theory  of  the  approximate  rectifying  de- 
tector, the  most  advantageous  proportioning  of  the  constants  of  the  secondary 
circuit  of  a  receiver  is  obtained.  The  constants  of  the  most  desirable  tele- 
phone winding  and  the  value  of  the  most  suitable  telephone  shunting  con- 
denser are  then  derived. 

*Mr.  Jegou  was  a  radiotelegraphic  expert  with  the  Army  of  the  Orient. 
He  died  at  Fiorina  Hospital  in  1917. 
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DETERMINATIOX  OF   RATE    OF   DE-IONISATIOX  OF 
ELECTRIC  ARC  VAPOR* 

By 

Henry  G.   Cordes 

(R.iDio  Research  Engixeer,  Bremerton,  Washington) 

A  direct  current  arc  in  a  vacuum  is  maintained  by  tlie  ionis- 
ing effect  of  the  current.  When  the  current  is  stopped  for  an 
instant  the  gas  between  the  arc  electrodes  becomes  de-ionised. 
The  rate  of  this  de-ionisation  can  be  determined  by  the  method 
here  outhned  provided  certain  quantities  can  be  measured  with 
sufficient  accurac3\ 

At  the  instant  the  current  thru  the  arc  reaches  zero  the 
cathode  is  incandescent  and  the  gas  between  the  electrodes  i& 
ionised.  The  rate  at  which  the  gas  becomes  de-ionised  depends 
upon  the  ionising  effect  of  the  incandescent  cathode  and  upon  the 
rate  that  the  ions  disappear  from  the  gas. 

When  the  arc  has  been  extinguished  the  potential  required  to^ 
re-ignite  the  arc  depends  upon  the  time  that  the  arc  has  been 
extinguished.  The  re-ignition  potential  also  depends  upon  the 
kind  and  pressure  of  the  gas  surrounding  the  electrodes.  The 
kind  of  gas  is  largely  determined  by  the  material  of  the  electrodes, 
especially  the  cathode.  According  to  Dr.  Steinmetz  the  mercury 
arc  in  a  good  vacuum  may  not  i-estart  when  extinguished  for 
a  few  micro-seconds. 

Figure  1  shows  an  arrangenunit  for  determining  the  rate  of 
de-ionisation. 

A  current  /  flows  thru  the  circuit  Bi—Lg  —  ro~^i  where  Bi 
is  a  source  of  direct  current,  Lg  is  the  inductance  of  the  circuit,  r^ 
the  resistance  of  the  circuit  and  T"i  is  the  valve  to  be  tested. 
The  battery  B3  and  switch  SW  are  used  to  prime  the  valve  T^, 
and  SW  is  then  opened. 

Close  the  switch  S-\ .  This  closes  the  circuit  82  —L  —  R  —  Vi  — 
C  where  B2  is  a  source  of  direct  current,  L  is  an  inductance  which 
is  small  compared  to  Lg,  R  is  a  resistance,  and  C  is  a  condenser 
of  capacitance  C.     Current  will  flow  from  /?•_>  to  C  until  the  latter 

*  Received  \)y  the  Editor,  Fehruary  6,  1918. 
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is  charged  to  a  potential  Ei—E,,,  where  Ei  is  the  potential  of  Bi 
and  E,  is  the  drop  thru  Vi. 


-^        E 


-K/ 


K2- 


fPoreNTi^L 

t>KOP^E„ 


Figure  1 


-I t 


T 


Transfer  *S-1  to.S-2  quickly.  If  the  value  of  Ej—E,  is  less  than 
350  volts,  then  no  spark  will  pass  until  *S  is  less  than  5x10""*  cm. 
from  2  (See  J.  J.  Thomson's  "Conduction  of  Electricity  thru 
Gases,"  1st.  edition,  page  361).  Let  *S  move  toward  2  at  the 
rate  of  10^  cm.  per  second;  then  the  time  required  to  pass  from 
the  sparking  potential  to  actual  metallic  contact  between  S  and 
2  will  be  less  than  5x10"'^  second. 

The  valve  V2  is  a  constanth'  primed  mercury  vapor  valve 
the  sparking  potential  of  w^iich  to  inverse  current  is  greater  than 
the  sparking  potential  of  valve  T'l  which  is  to  be  tested. 

Assuming  E;  sufficiently  large,  the  effective  discharge  of  Ci 
thru  Vi,  R,  L,  and  Vo  will  momentarily  extinguish  the  arc  of 
valve  Vi  and  charge  C  in  the  opposite  sense  to  a  potential  E^,  at 
which  the  arc  is  re-ignited.  The  potential  of  C  increases  ioEm,  at 
which  instant  all  the  current  passes  thru  the  arc  again. 

Figure  2  shows  graphically  the  potential  and  current  relation 
of  C.  The  condenser  C  is  part  of  two  circuits;  the  discharge  cir- 
cuit, C  —  Vi—L  —  Vi,  and  the  charging  circuit  Bi— L^  — r^— L  — F2 
-C. 

The  extinction  and  re-ignition  of  the  arc  as  described  above 
consists  of  three  partial  oscillations.  The  first  partial  oscillation 
takes  place  in  the  discharge  circuit  during  the  interval  from  the 
instant  of  initial  discharge  of  C  to  extinction  of  the  arc.  The 
second  partial  oscillation  takes  place  in  the  charging  circuit  dur- 
ing the  interval  of  extinction  and  re-ignition  of  the  arc.  The 
third  partial  oscillation  takes  place  in  the  discharge  circuit  during 
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the  interval  from  re-ignition  of  the  arc  until  the  current  thru  F? 
reaches  zero. 

The  ratio  between  the  re-ignition  potential £*!  and  the  duration 
of  the  second  partial  oscillation  is  a  measure  of  the  rate  of  de- 
ionisation  of  the  arc  vapor.  Other  quantities  remaining  constant, 
a  decrease  in  the  capacitance  C  will  increase  the  slope  of  eo;  T^  will 
decrease;  and  £"„,  the  potential  of  C  at  re-ignition,  will  decrease 
due  to  less  time  for  de-ionisation  of  the  arc  vapor. 

The  potential  drop  thru  T'l  and  V-i  is  nearly  constant  for  dif- 
ferent values  of  current  thru  the  vacuum  tubes. 

First  Partial  Oscillation 

Let  ?i  be  the  instantaneous  current  in  the  discharge  circuit 
during  the  first  partial  oscillation. 

Let  L  be  the  inductance,  C  be  the  capacitance,  and  R  be  the 
resistance  of  the  discharge  circuit.  Equating  potentials  in  the 
discharge   circuit. 


Lj^~E.  +  RU+E,+  I  --^ 


p^^-0  (1) 


The  sokition  of  (l)  is 

i\^I,c-'''sin{<ot-\-fi)  (2) 

where  a=  -  ,  .o=^-  -   —    and   /.  and  ^ 

are  constants  to  be  evaluated. 

When  /  =  0,  then  /i=0,  therefore  ^  =  0  or  r.      From  Figure  2, 

d  I 

— —  is  negative  when  t  =  0,  therefore  fi  =  -. 

dt  ^        ^ 

When  i  =  0  the  potential  of  C  is  Ei—E,.      Substitute  these 

initial  values  in  (1)  and  the  equation  of  initial  potentials  in  the 

discharge  circuit  is 


d  h 
^dJ 


(=0 


-£"„  +  [/?/,]'="+£, +£".-^^,  =  0  (3) 


or,  l,  =  ^-L-^  (4) 

When  t  =  Ti,  then  /i==  — /.     Substitute  these  terminal  values 
and  (4)  in  (2) 

-I  =  ^^'s-^^sin{<oT,  +  ::)  (5) 

(oL 

."30 


From  (5) 

rr         1      •    -1  (oLI  .    X, 

from  which  Ti  can  be  evaluated  by  one  or  two  trials. 

When  t  =  7i,  let  the  potential  of  C  be  Et,.      Substitute  these 
terminal  values  in  (1), 
■"1 

(7) 
(8) 


Ei,=  V(Ei-Euye--'''''-((oLiy  +  aLI-E,-\-E,  (9) 

The  value  of  «  may  be  determined  by  discharging  condenser  C. 
Let  7i  be  less  than  I.  Then  the  arc  will  not  be  extinguished  by 
the  discharge  of  C.  Let  the  initial  potential  of  C  heE/  and  let  E^ 
be  the  potential  of  C  at  the  end  of  a  half  cycle  when  ii  becomes 
zero.     Then  wt  =  7r,  which  substituted  in  (l)  gives 


7-  dii 

^  -E,-^[Ri,Y=^^+E,+E,  =  Q 

From  (4),  (5)  and  (7) 

E,=  (Ei-E,,)e-''^'coscoTi-\-aLI-E,+E, 

From  (6)  an 

d(8) 

dii 


t= 


" -E,-\-E-Et  =  0  (10) 

Equation  (lO)  reduces  to 

(E/-^j£-2  -E,+E-Er  =  0  (11) 

,          ,      2  7:  a 
where  o= 

(0 

From  (11) 

Second  Partial  Oscillation 

At  the  instant  when  the  arc  is  extinguished  the  direct  current 
circuit  becomes  the  charging  circuit  which  is  an  oscillating  current 
circuit.  The  condenser  C  is  charged  initially  to  a  negative  po- 
tential Eh,  which  is  the  first  partial  oscillation  terminal  potential 
of  C,  and  its  value  is  expressed  by  equation  (9).  Another 
initial  condition  of  the  second  partial  oscillation  is  a  negative 
current  I  flowing  in  the  circuit.  Let  Ea  be  the  potential  of  C 
when  Vi  is  re-ignited.  If  the  line  inductance  L„  is  large  com- 
pared to  L  then  the  re-ignition  potential  of  Vi  will  be  practically 
Ea-\-E„-\-IR.  The  capacitance  C  must  be  small  enough  to  make  the 
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rise  of  potential  of  C  rapid  and  approach  a  linear  function  of  the 
time  as  shown  in  Figure  2.  The  current  is  theoretically  a  max- 
imum when  t^T,n. 

In  the  charging  circuit  let    ?'2  =  resistance,  L2  =  inductance, 
and  C  =  capacitance. 

Let     0"=  ;rT-     and     <«^2  =  a/7-v^ — ^^-        The     inductance 

2L2  \Z/2C       4/^2 

Li^Lg-j-L  and  resistance  r2  =  ''o-r^- 

The  equation  of  potentials  in  the  discharge  circuit  is 

E+L,^-^-+r,i,-E^,+J'-^  =  0  (13) 

The  solution  of  (13)  is 

u_  =  l2S~''"sin{(oot-ft)  (14) 

where  I2  and  /3  are  constants  to  be  evaluated. 
Referring  to  T,„  of  Figure  2,  l3  =  wT,„-^y 

When  ;  =  0  then  12=— I.     Substitute  these  initial  values  in 
(14). 

I  =  hsinft  (15) 

When   ^  =  0,   the    potential    of    C    is   £'b.     Substitute   these 
values  in  (13)  to  get  the  equation  of  initial  potentials  which  is 

du 


E+ 


"^^H 


+  [r2i2]'=°-^,+^6  =  0  (16) 


From  (15)  and  (16) 

E - (02 L^Vh^-P + «2 Li  I- r2 1 -E^  +£"6  =  0  (17) 

From  (17) 

/2  =  -V  ^{Eb+E-Eu-a^UIY  +  icoiUIY  (18) 

From  (15)  and  (18) 

When  the  current  i-i  charges  C  to  a  potential  E^,  the  arc  Vi  is 
re-ignited.  The  value  of  E^  depends  upon  the  time  T^  between 
extinction  and  re-ignition  of  Fi  and  upon  C,  I ^  and  E^,.  At  re- 
ignition  the  following  terminal  potential  relations  exist  in  the 
charging  circuit. 


£*+ 


L2^^j"'Vh^2]'=^^-£.-£.  =  0  (20) 


which  reduces  to 


E-\-e- 


-"■2  T2 


--a,{E,+E-E,) 


(02 


-{Eh-\-E-E„)cosw2T, 


-E,-E,,  =  0  (21) 

Equation  (21)  expresses  a  relation  between  T2  and  £/„. 
The  value  of  £'„  will  be  obtained  f rom  £",„  in  the  third  partial 
oscillation. 

Solving  (21)  for  T. 


T,= 


1 


iOi 


sm 


{E^+E^-Ey^'"' 


.-^-(E,+E-E,:) 


a 

lOi  C         (02 


-^{E.-^E-E,,: 


Eb  -\-E  —Eu 


(Ei,-hE-E„) 


(22) 


T2  = 


When  a  is  negligible,  (22)  reduces  to 
VP+(o,'C'iEt-i-E-Euy 


sin 


-\-tan' 


.,oj^C(Eh±E-E,) 


(23) 


In    (21)   let  «  =  0,  let  sinco.T2  =  io.T2  and  let   cos(>hT2  =  \, 


then 


C 


T2  =  ^^{E,+Eb) 


(24) 


Equation  (24)  is  based  upon  the  assumption  that  L,,  is  in- 
finitely large  and  that  I  is  constant  during  the  interval  T2. 

Let  the  charging  current  at  the  instant  of  re-ignition  be  —  /  ; 
then  from  (14)  and  (15) 


r  p-«2r2 

-l'=^-^—rsin{co,T2-l^) 
sin  p 


(25) 


Third  Partial  Oscillation 

The  third  partial  oscillation  is  similar  to  the  first  except  lliat 
the  initial  potential  and  current  in  the  circuit  is  different. 

Equations  (1)  and  (2)  apply  except  /i,  and  0  will  have  differ- 
ent values.     Call  these  values  I3  and  <t>  then  (2)  becomes 

h  =  he-'"si7i{cot-<j>)  (2G) 

When  /  =  0  then  ii=  —I'.  Substitute  these  initial  values  in 
(26) 

r=hsm<l>  (27) 


Let  E„i  be  the  potential  of  C  when  Zs  =  0  and  t=  —  =T3. 

a) 

Then  from  (1)  the  equation  of  terminal  potentials  is, 

^Jt\        -EuMrisY='''-\-E,-E^  =  0  (28) 

from  which 

coLhe-''^^-E,,-hE,-E„,  =  0  (29) 

From  (27)  and  (29) 

^  =  ,,T.3  =  sin-^<^Ll'p''  (30) 

from  which  ^  or  Ts  may  be  evaluated  by  one  or  two  trials  when 
aTs  is  not  negligible. 

Since  E^  is  the  potential  of  C  at  re-ignition  equation   (1) 
becomes 


dt 


-^„  +  [i?l3]'=°+^„-^a  =  0  (31) 


from  which 


E^  =  coLhcos(j>-aLl'-E,,-\-E,.  (32) 

From  (30)  and  (32) 

Ea  =  V{E„,+Eu-E,)U^'^''''-iwLry'^E,-E,-aLl'       (33) 

To  evaluate  E^  from  (33)  assume  /'  =  /  and  solve  for  £"„. 
Use  this  first  trial  value  of  E^  in  (24)  and  solve  for  T2.  Use  this 
first  tl-ial  value  of  T2  in  (25)  and  solve  for  /'.  Use  this  value  of 
/  in  (33)  and  (30)  for  a  final  value  of  £'„.  A  practically  exact 
value  of  T2  may  be  obtained  by  using  these  values  of  T2  and  Ea 
in  (22)  or  (23). 

De-ionisation  Curve 

To  show  the  rate  of  de-ionisation  graphically  a  curve  can  be 
plotted  for  different  values  of  Ei  and  T2.  In  order  that  the  con- 
ditions for  de-ionisation  remain  constant  it  is  necessary  to  main- 
tain I,  E^,  R,  and  Ei,  constant.  From  (24)  is  seen  that  T2 
must  be  changed  by  varying  C.  To  keep  Ef,  constant,  (9) 
shows  that  Ei,  coL,  and  /  must  remain  constant. 

This  curve  will  show  the  de-ionisation  characteristics  of  an 

arc  under  given  conditions.     To  compare  an  arc  under  different 

conditions  of  electrode  material,  temperature  and  pressure  the 

.     El 
ratio  —   will  indicate  the  relative  rates  of  de-ionisation  when 

either  Ei  or  To  is  assigned  a  definite  value. 


Figure  3  shows  the  general  form  of  a  T2-E1  curve.  As  the 
capacitance  C  is  increased  the  potential  of  C  rises  more  slowly 
while  the  re-ignition  potential  jBJi  rises.  By  keeping  E(,—E^  —  I  R 
constant,  the  inverse  potential  impressed  upon  the  valve  will 
not  affect  the  value  of  Ei. 


Another  important  curve  will  be  obtained  by  plotting  E^ 
and  El,  in  (24)  while  T2,  I  and  C  remain  constant.  E^,  can  be 
varied  by  changing  the  initial  potential  E,.  The  effect  upon 
Ea  of  changing  the  inverse  potential  upon  the  valve  can  thus  be 
ascertained. 

Numerical  Example 

The  application  of  the  preceding  equations  can  be  illustrated 
by  assuming  values  for  the  quantities  which  can  be  measured. 

Assume  E/ =  90  volts,  Eu=E,  =  20  volts,  and  Et  =  QSA  volts. 
From  (12),  o"  =  0.2. 

Let    Tn=  -=  the    natural  period  of    the   discharge   circuit. 

Assume  /=  10^  and  C  =  0.2  /i-  f . 
10« 


Then      L  = 
10' 


U2 


=  2;r  .  105, 


.L  = 


10^ 

4<T 


■,       a  =  0.2  .  10*, 


aL=  --^     and  T'„  =  10  micro-sec.      Assume  £"1  =  110  volts  and 
4,-r 

7  =  10  amperes. 

From  (6),  ^1  =  0.663  micro-seconds,  and  from  (9)  £5  =  24  volts. 

In   (30)    and    (33)    assume  /'  =  /   and  E„,  =  500   volts.      Then 
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T3  =  0.25  micro-sec,  and  £'o  =  491.5  volts.  Substituting  in 
(24),  7^2  =  10.3  micro-seconds.  Since  R  =  2fLij,  R  =  0.5  ohm 
and  72  =  516.5  volts. 

These  values  of  Ei  and  T2  are  based  upon  the  assumption  that 
Lg  is  infinitely  large. 

Assume  L2=  1 00 L  and  E=nO  volts. 

E—E 

From  r„=    —  -,  ^o  =  9  ohms.    Since  r2  =  ro-\-R,  r2  =  9.5  ohms. 

The  natural  period  of  the  charging  circuit  is  then  Tc  =  100 
micro-seconds  and  (B2  =  2,t  •  10"*. 

Substitute  this  value  of  (02  in  (25),  then  1=7  amperes.  From 
(30)  and  (33)  £;„  =  495.2  volts,  and  7;i  =  520.2  volts. 

Solving  (22)  completely,  ^^^2  7^2  =  38.6°  and  7^2  =  10.7  micro- 
seconds. An  error  of  only  4  per  cent,  was  made  by  assuming 
Lg  to  be  infinitely  large. 

The  value  of  Lg  must  be  determined  for  a  natural  period  of 
100  micro-seconds.  An  iron  magnetic  circuit  will  increase  the 
inductance  and  energy  stored  in  a  given  coil.  During  the  time  7^2, 
part  of  this  energy  is  transferred  to  condenser  C  and  part  is  dis- 
sipated by  eddy  currents  in  the  iron.  Other  conditions  remaining 
the  same,  the  ratio  of  energy  transferred  to  C  to  energy  dissipated 
by  eddy  currents  in  Lg  decreases  with  a  decrease  in  capacitance  C. 
In  other  words,  Lg  is  variable  when  its  value  depends  upon  the 
presence  of  iron.  Iron  should  therefore  be  used  only  when  Lg 
is  to  be  considered  infinitely  large.  When  no  iron  is  used,  the 
source  of  the  direct  current  should  be  a  generator  shunted  with 
a  large  condenser  or  a  battery. 

The  charging  current  circuit  resistance  r,,  must  be  so  con- 
structed that  its  value  will  be  the  same  for  a  current  of  period 
of  100  micro-seconds  as  for  a  continuous  current. 

Starting  Terminal 

The  effect  of  a  starting  terminal  on  an  electric  arc  valve  will 
reduce  the  re-ignition  potential. 

Figure  4  is  similar  to  Figure  1  except  that  Vi  is  provided  with 
a  starting  terminal  T  the  presence  of  which  will  reduce  the  re- 
ignition  potential  Eu  The  effect  of  a  starting  terminal  is  il- 
lustrated by  the  starting  band  of  a  mercury  vapor  lamp. 
The  potential  between  T  and  K  is  the  same  as  the  potential 
of  C.  It  may  be  made  less  by  dividing  C  into  a  number  of 
condensers  in  series  and  connecting  7"  to  a  point  between  the 
condensers. 

In  Figure  4,  the  valve  V2  is  not  a  constantly  primed  valve. 
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The  switch  S  may  be  moved  slowly  from  1  to  2  and  a  sufficient 
potential  impressed  upon  C„  for  a  spark  to  pass  from  F  to  K^ 
which  will  prime  V2  and  allow  C  to  discharge.  When  this 
method  of  discharging  C  is  used  the  potential  £',  may  be  made  as 
high  as  desired. 


1^  h 


=.BI 


' TSdlfi 


Tnnr^f^ 


ilGURE    -1 


The  re-ignition  potential  Ex  may  be  increased  by  placing  the 
arc  in  a  magnetic  field.     This  is  illustrated  by  the  Poulsen  arc. 

Inverse  Current 

The  maximum  inverse  potential  impressed  upon  Vi  is 
Efj—Eu  —  IR.  This  potential  will  produce  inverse  current 
which  is  difficult  to  measure  at  high  frequencies.  The  follow- 
ing arrangement  is  suggested. 

Figure  5  is  similar  to  Figure  4  except  the  additional  valves 
F3  and  Vi  have  been  introduced  and  T  omitted.  All  current 
passing  from  anode  to  cathode  in  F]  passes  thru  V4,  but  all  in- 
verse current  thru  Vi  passes  thru  Vs.  Place  a  transient-current- 
indicating  device  D  in  series  with  V3.  Then  D  will  indicate  the 
inverse  current  thru  Vi.  The  value  of  E^,  in  the  equations  will 
be  the  potential  drop  thru  Vi  and  1^4  in  series. 


— 'TldOOO^nRRT' — ^"''T^ 


^W^--^. 


—  6/ 


' ^ 


imiRnrur 


It  may  be  possible,  with  this  arrangement  to  ascertain  the 
cause  for  the  inverse  discharge  at  the  beginning  of  each  half  cycle 
in  a  mercury  vapor  rectifier.  (See  "General  Electric  Review," 
October,  1913,  page  701.) 

Remarks 

There  is  a  minimum  current  which  will  sustain  a  given  arc. 
The  maximum  amplitude  of  ii  may  be  less  than  I  and  still  the 
arc  will  be  extinguished.  If  the  arc  is  not  extinguished,  the  final 
potential  of  C  will  be  E^,  which  is  less  than^J^,  but  when  extinction 
takes  place  the  final  potential  of  C  will  be  Em,  which  is  greater 

than  E,;.     To  extinguish  the  arc  the  ratio  ^/ -  must  be  less  than 

E  —E 
the  ratio      '       ",  so  that  the  term  under  the  radical  in   (9)  is 

positive.  In  order  to  use  a  low  potential  ior  E{  it  is  necessary  to 
make  L  very  small  when  the  natural  period  of  the  discharge  cir- 
cuit is  a  micro-second  or  less.  If  V2  in  Figure  1  is  omitted,  Vy 
will  probably  be  permanently  extinguished. 

The  relation  between  Ei  and  T2  for  an  arc  in  mercury  vapor 
at  low  pressure  will  probably  be  expressed  in  hundreds  of  volts 
and  a  fraction  of  a  micro-second  because  of  the  known  quench- 
ing action  of  mercury  vapor. 

The  equations  of  the  first  and  second  partial  oscillations  are 
applicable  to  the  Poulsen  arc  but  in  the  third  partial  oscil- 
lation the  value  of  E^  varies.  Its  average  value  is  much 
higher  than  in  the  first  partial  oscillation.  This  has  been 
shown  with  a  Braun  tube.  If  £'^  is  not  much  greater  than  E^, 
then  valuable  information  may  be  gained  by  the  method  here 
described. 

The  accuracy  of  the  results  in  the  numerical  example  would 
have  been  increased  if  £'  had  been  reduced  from  110  volts  to  30 
volts.  The  effect  of  r^  would  then  have  been  still  more  neg- 
ligible. 

If  Ei  —Ey_  is  measured  with  a  ballistic  galvanometer,  then  C 
may  be  charged  to  a  potential  Ei  and  then  discharged  thru  the 
galvanometer  and  Fa  in  series  which  will  give  the  potential  differ- 
ence directly. 

The  method  here  developed  is  based  only  upon  theoretical 
deductions.  Experimental  research  is  required  to  determine  the 
rate  of  de-ionisation  of  arc  vapor  under  different  conditions. 
The  results  of  such  research  will  be  of  great  value. 
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SUMMARY:  After  discussing  the  de-ionisation  and  consequent  loss  of  con- 
ductivity of  mercury  vapor  carrying  a  momentary  arc,  the  author  considers 
an  arrangement  of  circuits  for  determining  the  rate  of  de-ionisation,  and  the 
effect  of  this  rate  on  the  voltage  required  for  a  subsequent  re-ignition. 

The  theory  of  the  circuits  shown  is  given,  and  illustrated  by  numerical 
examples.  It  is  suggested  that  the  arrangements  shown  be  experimentally 
carried  out  because  of  possibly  important  practical  applications. 
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THIRD  DISCUSSION  ON 

"THE  ELECTRICAL  OPERATION  AND   MECHANICAL 
DESIGN     OF     AN     IMPULSE     EXCITATION      MULTI- 
SPARK  GROUP  RADIO  TRANSMITTER 

(A  Paper  by  Ensign  Bowden  Washington,  U.S.N.R.F) 

By 

Lieutenant  Ellery  W.  Stone,  U.  S.  N.  R.  F. 
(Officer  in  Charge,  U.S.  Naval  Radio  Station,  San  Diego,  California) 

In  reply  to  Mr.  Washington's  discussion,  which  reached  me 
this  date,  I  should  like  to  state  that  I  am  quite  in  accord  with 
his  definition  of  impact  excitation,  as  is  evidenced  by  definitions 
of  the  term  given  in  my  previous  articles  on  the  subject.  If, 
however,  thru  accident  or  design,  the  gap  circuit  of  an  impulse 
transmitter  delivers  a  little  more  than  the  single  half  cycle  which 
characterizes  its  normal  operation,  it  can  hardly  be  placed  in 
the  ordinary  quenched  gap  type  of  transmitter,  inasmuch  as  the 
excitation  of  the  antenna  is  still  of  the  shock  type.  The  major 
portion  of  the  energy  is  unquestionably  resident  in  the  first  half 
cycle. 

In  connection  with  the  tests  of  the  Kilbourne  and  Clark 
transmitter  conducted  by  Mr.  Washington  at  Harvard  Uni- 
versity in  which  he  obtained  two  and  one  half  oscillations,  it  is 
presumed  that  these  tests  were  those  conducted  for  the  Marconi 
Company  in  1916  during  its  suit  against  the  Kilbourne  and 
Clark  Company.  It  may  be  stated  that  the  defendant  (Kil- 
bourne and  Clark)  proved  to  the  satisfaction  of  the  Court  that 
these  tests  were  conducted  under  abnormal  conditions, to-wit; 
abnormal  gap  length,  and  improper  adjustment  of  the  circuits, 
and  that  attempt  was  made  to  produce  oscillations  in  the  gap 
circuit  rather  than  to  demonstrate  normal  operation. 

If  the  photographs  showing  a  single  impulse  in  the  gap 
circuit  were  not  indicative  of  impact  excitation,  they  were  not 
so  considered  by  the  Court.  These  were  taken  at  the  University 
of  Washington  by  Lieutenant  Greaves,  who  had  considerable 
experience  in  this  work  at  Harvard  University,  in  the  presence 
of  Mr,  F.  A.  Kolster,  Mr.  Frederick  Simpson,  myself  and  several 
others. 

In  the  decision  of  the  Court,  in  which  the  impulse  nature  of 
this  transmitter  was  upheld,  Judge  Netterer  rules  as  follows: 

"The  defendant,  to  demonstrate  the  fact  of  the  'single  chunk' 
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(impact,  E.  W.  S.)  "conversion  of  antenna  energy,  introduced 
the  result  of  experimentation  conducted  at  the  University  of 
Washington  with  the  Braun  tube  on  the  behavior  of  the  Simpson 
Mercury  Valve  Transmitter.  .  .  The  deflection  of  the  spot 
of  light  across  the  screen  corresponds  with  the  motions  of  the 
current,  first  in  one  direction  and  then  in  the  other,  and  if  the 
disturbing"  (gap,  E.W.S.)  "circuit  is  not  characteristically  an 
oscillating  circuit  .  .  .  the  spot  of  light  would  appear  as 
in  the  photograph.  .  .  The  contention  of  the  plaintiff" 
(Marconi  Company)  "with  relation  to  the  Massachusetts" 
(Harvard  University)  "test,  in  which  it  was  shown  that  there 
were  two  and  one  half  oscillations  in  the  circuit,  and  that  this 
must  refute  the  contention  of  the  defendants  with  relation  to 
the  Washington  University  photographic  test,  may  be  answered 
by  the  suggestion  that  the  Washington  University  result  was 
obtained, — the  photograph  speaks  for  itself — and  defendant's 
witnesses  to  that  extent  are  corroborated.  The  Massachusetts 
experiments  show  that  there  were  many  elements  that  entered 
into  the  experiments  with  relation  to  the  appliances  and  the 
adjustment  of  the  apparatus.  Dr.  Zenneck's  testimony,  which 
does  not  seem  to  be  denied,  shows  that  photographs  were  only 
taken  when  the  adjustments  were  such  as  to  produce  the  de- 
sired result,  and  that  the  effort  was  for  the  purpose  of  obtaining 
evidence  of  oscillations  in  the  trigger"  (gap,  E.W.S.)  "circuit, 
rather  than  to  present  to  the  Court  the  result  of  all  the  experi- 
ments that  were  made,  together  with  the  adjustments  for  each 
result.  .  .  No  facts  shown  indicate  that  the  oscillations" 
(antenna)  "were  the  result  of  resonant  transfer  of  energy." 

I  do  not  feel  required  to  defend  the  term  "partial  discharge," 
the  expression  being  taken  from  Zenneck's  writings.  I  should 
saj'  that  the  definition  of  "full  charge"  which  Mr.  Washington 
seeks,  is  that  charge  given  the  condenser  by  the  time  the  peak 
of  the  transformer  secondary  wave  has  been  reached,  the  separa- 
tion of  the  gap  permitting,  or  the  maximum  charge  which  the 
condenser  can  receive  with  a  given  secondary  potential.  This 
"full  charge"  will  be  recognized  as  distinct  from  the  partial 
charge  which  the  condenser  ordinarih'  receives  as  a  result  of  the 
minute  separation  of  the  impulse  gaps,  thus  giving  rise  to  several 
discharges  of  the  condenser  per  alternation. 

February,  17  1919. 


542 


FURTHER  DISCUSSION  ON 
"RECEPTION    THRU   STATIC   AND    INTERFERENCE" 

By 

Roy  a.  Weagant 

Lee  De  Forest  (by  letter) :  I  regret  that  I  was  out  of  the  city 
when  Mr.  Weagant's  paper  on  static  ehmination  was  presented, 
and  particularly  that  copy  of  his  paper  was  not  received  until 
the  Proceedings  were  ready  to  issue. 

I  have  read  with  intense  interest  the  paper  and  such  discus- 
sion as  appeared  with  it.  Such  abundance  of  well  merited  praise 
has  therewith  appeared  that  I  feel  justified  in  limiting  my  present 
remarks  chiefly  to  helpful  criticism.  I  too,  perhaps  earlier  than 
most  of  our  readers,  have  fought  with  static,  and  been  burned 
by  it.  I  can  honestly  state  that  I  know  from  long  and  intimate 
acquaintance  what  genuine,  sub-tropical,  summer  static  is — 
perhaps  far  better  than  some  others  who  from  cool  northern 
laboratories  have  casually  announced  its  final  "elimination." 

My  experience  has  indeed  been  such  that  even  now,  as  dur- 
ing the  earlier  years,  I  doubt  that  the  "99  per  cent,  reliable, 
guaranteed,  copper-riveted  static  eliminator"  has  been  dis- 
covered. And  certain  recent  careful  inquiries  among  some  very 
capable  radio  observers  and  experts  (some  in  the  Government 
service)  have  elicited  statements,  the  accuracy  and  fairness  of 
which  I  am  bound  to  accept,  to  the  effect  that  the  Weagant 
eliminator,  like  a  legion  of  others,  falls  down  at  times.  It  is, 
in  short,  by  no  means  all  that  its  enthusiastic  proponents  claim. 

If  such  be  the  fact,  I  regret  it  as  much  as  anyone.  Having 
spent  all  my  working  years  in  the  development  of  the  radio 
art,  I  rejoice  at  each  actual  step  in  advance,  by  whomsoever 
wrought.  Static  has  been  our  hete-noir  from  "Genesis";  and 
I  too  await  for  "Revelation" — I  hope  to  see  it.  But  let  us  not 
throw  our  hats  skyward  over  the  assassination  of  "Satan  Static," 
until  further  evidence  than  that  of  the  inventor  of  an  eliminator, 
and  other  interested  observers,  comes  forward  after  long  summer 
months  of  trial,  to  lay  its  wreath  of  unbiased  testimony  ui)on  the 
"Tomb  of  Trouble." 

Possibly  I  have  been  misinformed.  Let  other  users  of  the 
Weagant  system,  not  employees  or  associates,  who  have  success- 
fully used  the  system  thru  say  six  sununor  months  of  European 
radio  reception  in  the  South,  come  forward.  In  The  Institute 
OF  Radio  Engineers  we  simply  want  facts,  not  flattery. 


Mr.  Weagant's  paper  can  be  divided  into  two  parts — The 
first  and  by  far  the  largest  and  most  exhaustive,  outHnes  in  great 
detail  the  amazing  lengths  and  profligate  expense  to  which  the 
Marconi  Compan}^  has  gone  to  accomplish  what  Mr.  Weagant 
himself  admits  in  the  brief,  second  part  of  his  paper,  can  be 
achieved  by  far  simpler  and  more  rational  methods.  Therefore 
we  may  dismiss  with  sincere  praise  for  the  inventor's  courage 
and  persistence  the  consideration  of  vertical  loops  400  bj^  1,000 
feet  (120  by  300  m.)  in  dimensions  and  located  miles  apart,  or  of 
horizontal  antennae  6  miles  (9.6  km.)  long,  of  miles  of  paste- 
board tubes  covered  with  tinfoil  "gleaming  in  the  Florida 
moonlight."  Sad  indeed  would  appear  the  future  of  radio 
communication  if  we  believed  that  static  elimination  depended 
in  the  slightest  degree  on  the  utilization  of  devices  of  such 
Brobdingnagian  dimensions,..  I  do  not  believe  that  it  is  essen- 
tial to  separate  the  "static  tank"  loops  as  one  does  water  tanks 
along  a  railroad. 

But  while  describing  these  experiments  ]Mr.  Weagant  is 
sadly  misleading  in  his  historical  omissions.  To  those  not  well 
versed  in  early  radio  history  it  would  have  been  only  instructive 
and  fair  had  he  pointed  out  that  j\Ir.  John  Stone  Stone  first  con- 
ceived and  described  the  two  vertical  receiving  antennas,  sep- 
arated by  a  half-wave  length,  or  portion  thereof,  arranged  in 
the  plane  of  propagation — differentially  connected,  thru  long 
horizontal  leads,  to  a  common  receiving  system,  to  balance  out 
interfering  disturbances.  In  Stone's  U.  S.  patent  767,970,  filed 
June,  1901,  this  system  is  carefully  outlined  and  analyzed,  to- 
gether with  the  third  vertical  antenna  located  directly  at  the 
receiver.  (This  latter  is  for  use  as  a  transmitter,  the  arrange- 
ment b  ing  such  that  the  powerful  impulses  from  this  trans- 
mitter shall  be  completely  neutralized  upon  the  two  receiving 
systems.) 

Mr.  Weagant  mentions  "among  the  early  workers  with  the 
loop,  Bellini — Tosi,  and  Braun";  but  completely  ignores  the 
fact,  of  which  we  Americans  should  be  proud,  that  the  first  dis- 
closure of  the  loop  receiver  and  direction  finder  was  in  Stone's 
U.  S.  patent,  filed  January  23,  1901;  and  that  he  laid  down  at 
this  remote  date  the  basic  principles  on  which  the  entire  art  of 
direction  finding  (and  incidentally  of  Mr.  Weagant's  eliminator) 
are  founded.  Mr.  Weagant  further  erroneously  ascribes  the 
first  use  of  the  horizontal  linear  aerial  to  Mr.  Marconi,  As  a 
matter  of  fact  this  was,  I  believe,  also  an  American  discovery — 
at  Block  Island  in  1903. 
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It  seems  to  be  equally  unknown  that  the  first  patent  on  the 
horizontal  receiving  loop  or  horizontal  conductor,  with  length 
independent  of  the  wave  length  and  rotating  around  a  vertical 
axle,  for  localizing  the  direction  of  incoming  signals,  was  issued 
to  the  writer,  in  1904. 

Mr.  Weagant  describes  the  differentially  combined  "inter- 
ference-prevention" circuits  of  Fessenden  as  "fundamentally 
incorrect"  because  "the  detuning  of  one  branch  circuit  affects 
the  intensity  of  both  the  signal  and  static  currents  in  the  second- 
dary  circuit  in  the  same  ratio."  As  a  matter  of  fact,  where 
enhghtened  methods  of  this  sort  are  employed  in  receiving  un- 
damped waves,  a  very  great  improvement  in  the  signal-static 
ratio  may  be  noted. 

Moreover,  after  styhng  the  Fessenden  differential  principle 
as  "fundamentally  incorrect,"  Mr,  Weagant  actually  relies  on 
exactly  that  principle  to  achieve  the  final  elimination  of  static 
impulses  between  his  "static  tank"  circuit  and  his  third  static- 
signal  circuit.  Note  his  arrangements  in  Figures  7,  11,  13,  18,  30, 
and  so  on. 

The  theory  Mr.  Weagant-  advances  of  the  vertical  origin  of 
the  "grinders"  is  novel,  if  we  consider  that  he  means  that  all 
such  disturbances  come  from  directly  above  the  receiving  station. 
But  the  long  established  fact  that  the  same  violent  static  im- 
pulse is  frequently  noted  simultaneously  at  stations  separated 
by  hundreds  of  miles  precludes  the  acceptance  of  this  view. 
Then,  moreover,  would  it  be  possible  to  eliminate  such  disturb- 
ances by  rotating  a  small  loop-receiving  antenna  about  a  hori- 
zontal axis. 

Both  audio  and  radio  balancing  between  two  helices  at  right 
angles  have  been  tried  by  Major  Charles  A.  Culver  in  recent 
tests  for  the  Signal  Corps  in  an  effort  to  neutralize  static  effects, 
but  without  success.  Sinuiltaneous  photographic  records  of 
"X"  impulses  received  on  two  hehces  placed  at  right  angles  to 
one  another  and  in  a  vertical  plane  appear  to  show  that  the 
extraneous  disturbances  do  not  occur  sinuiltaneously  at  two 
mutually  perpendicular  planes. 

It  has  long  been  accepted  generally  that  static  impulses 
originating  in  the  tropics  are  reflected  l\y  the  Heaviside  layei-.  or 
by  upper  banks  of  ionized  air,  and  consequently  reach  northern 
and  southern  latitudes  with  a  downward  vertical  comjionent. 
This  explanation  was  cited  by  Professor  Pupin  in  his  discussion 
of  the  Weagant  paper.  Moreover  if  the  startling  theory  of 
vertical  origin  were  correct  it  would  obviously  become  a  very 
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simple  matter  to  neutralize  the  static  impulses  on  two  small 
vertical  loops,  placed  at  right  angles,  while  receiving  the  desired 
signals  on  that  loop  which  lay  in  the  plane  of  their  propagation. 
Such,  of  course,  is  by  no  means  the  case.  The  germ  of  genuine 
merit  in  Mr.  Weagant's  voluminous  paper  resides,  it  seems  to 
me,  in  the  idea  of  the  so-called  "static-tank,"  balancing  out  the 
signal  in  two  receiving  systems,  leaving  only  static,  and  then 
balancing  that  against  the  static  in  a  third  system,  obtaining 
finally  only  a  residuum  of  signal,  and  then  amplifying  this  rem- 
nant. But  what  justifiable  considerations  lead  him  to  accom- 
plish these  effects  by  use  of  antenna  systems  which  require  an 
entire  township  for  their  exploitation,  "across  a  canal,  thru  cow 
pastures  and  frequently  broken?"  Certainly  it  was  not  to  avoid 
the  use  of  the  audion  amplifier!  No  such  reluctance  in  employ- 
ment of  another's  device  to  accomplish  so  useful  an  end, 
characteristic  tho  it  be  with  certain  investigators,  would  be 
justifiable. 

To  illustrate  how  simple  it  would  be  to  accomplish  by  sens- 
ibly small  loop  antennas  what  Mr.  Weagant  does  with  his  gigantic 
"loops"  connected  to  his  receiver  by  miles  of  horizontal  con- 
ductors (systems  which  possibly  operated  not  as  true  loop  an- 
tenna at  all)  let  me  cite  the  results  obtained  by  Latour  at  Lyons. 
Using  three  radio  frequency  audion  amplifiers,  in  cascade,  an 
audion  detector,  and  then  several  audio  frequency  amplifiers,  in 
cascade,  the  French  military  administration  has  been  receiving 
from  Annapolis  at  a  point  only  one  mile  from  the  Lyons  arc 
transmitter  station — without  any  interference  therefrom  what- 
ever,— while  Lyons  was  transmitting  at  full  power  (150  kilo- 
watts) with  a  wave-length  only  2.5  per  cent  different  from  that  of 
Annapolis.  And  Latour  does  this  using  as  a  receiving  antenna 
a  coil  only  60  cm.  (24  inches)  in  diameter!  Contrast  this  with 
one  400  by  1,000  ft.  (120  by  300  m.)  Of  course,  French  static 
is  not  to  be  compared  with  our  summer  variety;  but  every  ad- 
vantageous result  which  Mr.  Weagant  describes  can,  I  believe, 
be  accomplished  (as  Prof.  Pupin  urges)  with  receiving  circuits 
of  very  ordinary  dimensions,  perhaps  "such  as  can  be  used  on 
board  ship."  For  compare  these  results  at  Lyons  with  what 
the  huge  Weagant  arrangement  accomplishes;  "The  reception  of 
Carnarvon's  signal,  14,200  meters,  thru  the  powerful  inter- 
ference of  the  200  kilowatt  Alexanderson  alternator  (supposedly 
perfect  sine-wave  emission)  at  New  Brunswick,  only  25  tniles 
(40  km.)  away,  working  at  13,600  meters  (a  4.4  per  cent  differ- 
ence), has  been  an  every  day  performance  of  the  system." 
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As  further  bearing  out  this  statement,  and  Latour'sresults,  con- 
sider the  results  described  by  Lieut.-Commander  A.  H.  Taylor 
in  the  June  number  of  the  Proceedings  of  The  Institute  of 
Radio  Engineers — obtained  with  loops  only  3  meters  (9  feet) 
square.  If  one  uses  such  loops  it  will  not  be  "found  necessary 
to  have  an  operator  located  at  the  remote  loop  to  make  adjust- 
ments in  accordance  with  instructions  telephoned  to  him  by  the 
observer  in  the  receiving  station,  using  the  cable  wire  for  this 
purpose."  I  must  disagree  with  Mr.  Weagant's  statement  that 
"very  satisfactory  practical  working  was  secured,"  since,  to  quote 
further,  "with  both  these  arrangements  local  tuning  of  the  loops 
was  necessaiy,  and  this  always  involved  a  tedious  adjustment 
until  the  correct  setting  for  a  given  wave  length  was  obtained, 
and  even  when  this  setting  was  known,  it  was  necessary  for  some 
one  to  go  to  each  of  the  loops — not  a  convenient  procedure  with 
antennas  three  miles  (4.8  km.)  apart." 

A  stiff  course  in  practical  "statics"  has  heretofore  been  rec- 
ommended as  an  effective  cure  for  any  tendency  to  pedantic  and 
dogmatic  theorization  on  their  behavior.  Hence,  after  studying 
Mr.  Weagant's  Figures  9,  10  and  17,  one  can  but  wonder  that 
any  person  who  has  struggled  with  the  irrational  idiosyncrasies 
of  subtropical  static  as  Mr.  Weagant  has,  can  still  retain  suf- 
ficient patience,  or  religious  faith,  to  attempt  to  describe  their 
operation  in  terms  of  cosine  curves,  and  "azimuthal  angles!" 
In  others,  therefore,  who  have  likewise  gone  thru  the  static  mill 
a  moderate  amount  of  more  or  less  profane  skepticism  as  to  the 
pertinence  of  these  figures  must  be  tolerated. 

A  common  oversight  on  the  part  of  inventors  of  most  so- 
called  "static  eliminators"  has  been  the  fact  that  powerful  static 
disturbances  may  reach  the  highly  sensitive  detector-amplifier 
directly  thru  the  low-frequency  conductors  attached  thereto, 
that  is,  the  battery  leads,  the  telephone  cord,  the  body  of  the 
operator  himself,  or  act  directly  upon  the  sedondary  coil,  oi',  if 
unshielded,  the  metallic  plates  of  the  condensers  attached  to  the 
receiver.  Thus  no  matter  how  perfect  and  intricate  a  "filtering" 
system  may  have  been  installed  between  the  antenna  and  the 
detector,  the  disturbances  which  have  been  successfully  barred 
from  entrance  by  the  fortified  front  of  the  house  steal  in  thru  the 
back,  where  they  find  the  entire  roof  and  walls  missing.  To 
expect  then  to  exclude  effectively  static  disturbances  fi-om  a 
receiving  and  detector  sj^stem,  the  various  elements  of  which  are 
not  effectively  and  in  succession  screened  electrically  from  the 
other  links  in  the  filtering  system,  is  as  futile  as  to  iu^pc  to  per- 
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form  delicate  photometric  work  in  a  room  elaborately  equipped 
with  the  proper  apparatus,  but  the  walls  of  which  are  white  or 
silvered,  and  where  on  all  sides  are  unmasked  arc  lights,  dazzling 
sparks,  magnesium  flares,  and  windows  open  to  the  sunhght. 
Especially  does  the  above  analogy  hold  good  when  violent  elec- 
trical storms  are  in  the  neighborhood  of  a  long  distance  radio 
receiving  station. 

From  the  foregoing,  it  should  be  apparent  that  it  is  practically 
futile  to  conduct  radio  signaling  which  shall  be  at  all  times  im- 
mune to  static  disturbances  and  interruption  so  long  as  it  is 
possible  for  violent  disturbances  to  produce  in  the  receiving 
system  effects  which  simulate  those  produced  by  the  waves  emit- 
ted from  the  transmitting  station.  Yet  this  situation  is  inevit- 
able so  long  as  attempts  to  solve  the  problem  are  limited  exclu- 
sively to  the  receiving  apparatus. 

Unciuestionably,  ]\Ir.  Weagant  has  made  a  contribution  of 
genuine  value  towards  the  long-desired  goal.  But  until  efficient 
shielding  methods  are  adopted  there  are  still  certain  to  occur 
intervals  when  the  only  satisfactory  means  for  cutting  out  un- 
welcome disturbances  is  that  which  was  so  effectively  adopted 
during  the  public  discussion  of  Air.  "Weagant's  paper — lay  the 
"phones  on  the  table,  and  refuse  to  listen." 

Roy  A.  Weagant  (by  letter) :  The  tone  of  Dr.  de  Forest's  com- 
ment is  such  as  to  tempt  one  to  ignore  it.  Also,  to  one  familiar 
with  the  paper,  his  failure  to  read  it  carefully  is  so  evident  that 
a  reply  seems  unnecessar^^  However,  lest  silence  should  seem 
to  give  assent  to  some  of  his  misinterpretations,  the  following 
reply  is  submitted. 

Dr.  de  Forest  has  expressed  doubt  that  the  "99  per  cent 
reliable,  guaranteed,  copper-riveted,  static  eliminator"  has  been 
discovered.  Reference  to  the  text  of  the  paper  fails  to  disclose 
any  statements  in  this  language,  or  which  convey  any  such  in- 
ference, but  on  the  contrary  the  capabilities  of  the  apparatus 
and  its  limitations  have  been  expressed  in  a  perfectly  definite 
way  and  should  be  easily  imderstood  by  any  experienced  radio 
man.  These  may  be  summarized  by  stating  that  with  this 
apparatus  practically  continuous  reception  from  such  stations 
as  Carnarvon,  Nauen,  or  Lyons  is  possible  save  only  when  there 
is  local  lightning  present,  while  with  any  other  known  receiving 
method  reception  from  these  stations  in  the  afternoon  and  even- 
ing during  the  summer  is  nearly  always  entirely  impossible,  and 
is  also  impossible  to  a  considerable  extent,  at  other  seasons  of 
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the  year.     In  this  statement  it  is  assumed  that  the  receiving 
station  is  within  100  miles  (160  km.)  of  New  York  City. 

Since  the  time  of  dehvery  of  the  paper  the  greater  part  of 
another  summer  season  has  passed,  during  which  various  forms 
of  the  static  arrangement  have  been  in  continuous  service. 
Furthermore,  the  static  conditions  experienced  this  year  have 
been  much  more  severe  than  those  encountered  last  year,  yet  the 
continuity  of  reception  from  the  stations  mentioned  has  been 
greater  than  that  of  last  summer  and  we  have  been  able  to  re- 
ceive continuously  even  thru  the  worst  fading  periods,  which 
occur  in  the  afternoon  between  four  and  seven  o'clock,  without 
interruption  by  anything  except  local  lightning.  With  regard 
to  this  latter  cause  of  interruption,  to  date  there  have  been 
only  two  days  on  which  lightning  has  rendered  reception 
impossible;  in  one  case  for  a  period  of  approximat^^ly  three 
hours,  and  in  the  second  case  for  approximately  two  hours. 
There  have  also  been  several  days — pci'haps  four  in  all — 
when  lightning  has  caused  appreciable  trouble  but  not  com- 
plete interruption;  that  is  to  say,  thru  these  periods  messages 
in  plain  language,  sent  twice,  could  have  been  received  completely, 
but  code,  sent  words  once,  could  not  have  been  completclj'- 
copied. 

Dr.  de  Forest's  suggestion  that  the  opinion  of  unbiased  and 
qualified  experts  on  the  working  of  this  system  is  desirable 
before  its  efficacy  can  be  completely  accepted,  is  entirely  reason- 
able, and  it  was  for  this  reason  that  the  offer  to  conduct  tests 
for  the  benefit  of  a  connnittee  to  be  appointed  by  the  Institute 
was  made.  The  response  to  this  offer  indicated  that  this  was 
perhaps  a  rather  difficult  thing  to  carry  out  since  a  considerable 
period  of  observation  would  be  necessary  in  order  to  arrive  at 
a  correct  conclusion.  With  this  point  of  view  the  writer  is 
unable  to  differ  since  he  was  unwilling  to  accept  the  results 
himself  until  the  system  had  been  tested  thru  an  entire  sum- 
mer, twenty-four  hours  a  day,  with  an  ojxM'ator  constantly  on 
watch. 

The  most  conclusive  proof  of  the  correctness  or  otherwise 
of  the  claims  on  the  working  of  this  system  will  be  had  when  the 
Marconi  Company  resumes  connncrcial  woi'king  with  Europe, 
after  its  stations  are  returned  ])y  the  Unitetl  States  Clovernment. 

In  reply  to  Dr.  de  Forest's  statement  that  certain  individuals 
in  the  Government  service  have  informed  him  that  the  apparatus 
does  not  work  as  claimed,  it  is  enough  to  state  that  only  one 
man  in  the  (iovernment  service  has  had  any  exixMience  or  fa- 


miliarity  with  the  system,  and  that  this  gentleman,  Mr.  George 
H.  Clark,  has  already  set  forth  the  result  of  his  observations, 
in  his  discussion  of  my  paper. 

With  regard  to  the  criticism  that  the  arrangements  used 
are  of  "brobdignagian"'  dimensions,  it  would  seem  pertinent  to 
inquire  how  long  it  has  been  such  a  colossal  task  to  construct 
six  miles  (10  km.)  or  so  of  ordinary  telephone  line,  which,  from 
the  constructional  point  of  view,  is  all  the  largest  arrangement 
requires.  Dr.  de  Forest  has  often  boasted  of  the  part  his  audion 
has  played  in  transcontinental  telephony,  which  involves  some 
3,000  miles  (4.800  km.)  of  this  same  sort  of  construction.  The 
cost  is  certainly  not  prohibitive,  for  the  total  expense  of  the  Lake- 
wood  installation  was  less  than  one-half  of  that  of  a  single  tower 
of  the  t3'pe  which  the  ]\Iarconi  Company  had  at  its  Belmar 
receiving  station,  six  of  which  were  considered  necessary  for 
reception  a  few  years  ago. 

Dr.  de  Forest  has  referred  to  some  of  the  later  arrangements 
as  being  far  simpler  and  more  rational  because  of  their  smaller 
size,  but  while  this  is  true  the  fact  is  that  none  of  them  has  yet 
been  developed  to  the  point  where  it  is  equal  to  the  Lakewood 
arrangement  in  the  range  of  conditions  it  is  able  to  cope  with. 

With  reference  to  this  historical  references  of  the  paper,  it 
is  sufficient  to  say  that,  as  specifically  stated,  no  attempt  was 
made  to  present  a  complete  historical  outline.  There  can  be 
no  ground  for  charging  unfairness,  therefore,  and  it  is  not  neces- 
sary here  to  either  accept,  deny,  or  qualify  Dr.  de  Forest's 
statements. 

The  writer  takes  issue  squarely  with  Dr.  de  Forest  in  his 
statement  that  the  Fessenden  interference  preventer  circuit 
"where  enlightened  methods  are  emploj-ed"  causes  a  great  im- 
provement in  signal-static  ratio,  or  that  it  is  possible  to  secure 
with  this  arrangement  any  signal-static  ratio  which  cannot  be 
duplicated  with  other  well-known  receiving  methods  used  with 
equal  enlightenment. 

He  is  also  entirelj^  incorrect  when  he  states  that  that  prin- 
ciple is  relied  upon  to  achieve  the  final  elimination  of  static  im- 
pulses between  the  st-atic  tank  and  the  static  signal  circuits,  for 
the  reason  that  in  this  latter,  one  circuit  has  both  signal  and 
static  currents,  while  the  other  has  only  static  currents;  conse- 
quently when  the  two  are  connected  together  in  opposition,  signal 
current  only  is  left.  If  both  circuits  had  both  signal  and  static 
currents,  then  his  statement  would  be  correct. 

Dr.  de  Forest  is  quite  right  when  he  states  that  if  the  hypo- 


thesis  of  overhead  origin  and  vertical  propagation  were  correct 
it  should  be  possible  to  eliminate  static  b}^  rotating  a  small  loop- 
receiving  antenna  about  a  horizontal  axis.  In  fact  this  does 
accomplish  the  elimination  of  static,  but  unfortunately  it  also 
accomplishes  the  elimination  of  signal.  If  it  were  possible  to 
transmit  waves  which  were  horizontally  polarized  instead  of 
vertically,  as  at  present,  and  if  they  would  remain  so  at  great 
distances,  then  a  loop  with  its  plane  horizontal  would  fur- 
nish an  ideal  means  of  working  thru  static  of  the  grinders 
type. 

Dr.  de  Forest  also  refers  to  certain  tests  recently  made  bj^ 
Major  Charles  A.  Culver,  in  which  he  shows  that  static  currents 
produced  Ijy  two  loops  at  right  angles  will  not  balance.  If 
he  had  read  the  paper  more  closely  he  would  have  found  this 
identical  fact  stated  (at  bottom  of  page  216  and  top  of  page  217 
of  the  Proceedings  of  The  iNSTiTrxE  of  Radio  Engineers, 
June,  1919).  It  was  discovered  by  the  writer  more  than  three 
3'ears  before  the  work  which  Major  Culver  reports  was  under- 
taken. His  further  statement  that  if  the  hypothesis  of  vertical 
propagation  were  correct,  loops  at  right  angles  should  balance, 
is  also  entirely  incorrect,  as  will  appear  from  a  less  superficial 
analysis  of  th-e  proposition.  If  it  be  assumed  that  these  electro- 
magnetic waves  are  generated  by  linear  oscillators,  then,  in 
order  that  two  loops  at  right  angles  to  each  other  shall  be  affected 
by  the  wave  originating  at  each  oscillator  sinuiltaneously  and 
with  the  same  relative  intensity,  which  is  the  prerequisite  to 
balancing,  the  horizontal  projection  of  each  of  these  oscillators 
must  make  the  same  angle  with  the  two  loops,  since  if  different 
impulses  were  due  to  oscillators,  the  horizontal  projection  of 
whose  axes  may  be  at  different  angles  with  the  two  loops,  there 
would  be  no  possi])ility  of  securing  adjustment,  which  would 
annul  any  apprecial^le  percentage  of  them.  The  conception 
that  these  oscillators  are  so  arranged  seems  to  me  utterly  impos- 
sible, and  in  order  that  the  hypothesis  of  overhead  oi-igin  and  ver- 
tical propagation  may  be  rational  it  is  necessary  to  assume  that 
the  axes  of  the  oscillators  producing  static  waves  shall  assume 
all  possible  angles  in  space;  that  is,  they  shall  be  heterogeneous 
in  their  disposition.  Under  this  assumption  it  l^ecomes  impos- 
sible for  loops  in  different  planes  to  balance.  At  this  point  it 
should  be  emphasized,  as  it  was  in  the  paper,  that  this  hypothesis 
is  set  up  merely  as  a  convenient  working  base,  and  that  it  can- 
not be  regarded  as  proven.  On  the  other  hand,  however,  the 
fact  that  antennas  situated  considerable  distances  apart  are  sim- 


ultaneoiisly  affected  b}'  the  type  of  static  known  as  grinders,  is 
proven  bej'ond  question. 

Dr.  de  Forest's  reference  to  the  work  of  Latour  in  receiving 
with  a  small  closed  loop,  and  his  comparison  with  the  reception 
of  Carnarvon's  signal  thru  the  interference  of  New  Brunswick, 
is  quite  beside  the  point  for  the  simple  reason  that  the  arrange- 
ment of  Latour  is  in  no  sense  a  static  eliminator,  but  is  merely 
a  small  loop-receiving  arrangement,  whereas  it  was  definitely 
stated  in  the  paper  that  the  result  mentioned  was  accomplished 
while  maintaining  a  good  static  balance,  which  is  quite  a  differ- 
ent proposition. 

His  reference  to  Commander  Taylor's  results  obtained  with 
loops  only  three  meters  (9  feet)  square  also  has  no  bearing  since 
the  arrangement  described  by  Lieutenant-Commander  Taylor 
is  not  a  static  preventer  but  a  simple  loop-receiving  arrangement. 

With  regard  to  the  cosine  and  other  curves  which  Dr.  de  Forest 
scoffs  at,  it  is  suggested  that  he  study  them  a  little  more 
closeh'  until  he  discovers  their  significance,  as  liis  comment 
thereon  indicates  so  complete  a  lack  of  understanding  that  reply 
is  useless.  If  he  so  entirely  fails  to  understand  the  paper  he 
would  equally  fail  to  comprehend  the  reply. 

His  lengthy  statements  relative  to  the  necessity'  for  shielding 
the  receiving  apparatus  itself  from  the  direct  effect  of  static  are 
plausible  but  unsound.  AYhile  it  is  a  verj'  common  observation 
to  note  that  considerable  static  and  even  signal  is  heard  at  a 
receiving  station  when  the  antenna  switches  are  open,  most  of 
this  is  due  to  the  electro-static  coupling  which  exists  between 
the  aerial  and  the  receiving  instruments,  and  that  part  of  it  which 
is  due  to  direct  action  on  the  receiving  coils  themselves  proves 
to  be  so  small  as  to  be  entirety  negligible,  provided  an  aerial  of 
relatively  large  dimensions  is  used.  If  the  dimensions  of  the 
aerial  are  reduced  to  the  extreme  limit,  then  of  course  the  cap- 
abilities of  the  receiving  coils  become  comparable  to  the  capabili- 
ties of  the  antenna  for  picking  up  both  signal  and  static,  but  ex- 
tensive experience  with  this  has  shown  that  even  with  a  loop 
aerial  onh'^  four  feet  square  the  order  of  this  effect  is  not  sufl&- 
cient  to  be  serious,  whereas  with  large  aerials  such  as  the  Lake- 
wood  installation  it  is  totally  negligible.  In  the  working  of  this 
latter  system  it  is  at  times  an  interesting  observation  to  note 
that  the  amount  of  static  disturbances  which  is  heard  after  a 
proper  balance  is  obtained,  is  less  than  that  which  is  heard  when 
all  three  aerials  are  disconnected  from  the  receiving  set. 

In  conclusion.  Dr.  de  Forest  again  intimates  that  there  are 
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still  certain  to  occur  periods  when  the  only  way  in  which  we  can 
get  rid  of  static  is  to  lay  the  telephones  on  the  table.  No  such 
periods,  with  the  exception  of  those  caused  by  local  lightning, 
have  occurred  during  the  prolonged  use  to  which  this  apparatus 
has  been  subjected,  and  it  therefore  does  not  yet  appear  that 
Dr.  de  Forest  is  correct.  The  offer  to  demonstrate  made  in  the 
paper  still  stands,  and  Dr.  de  Forest  himself  is  not  excluded. 
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LONG    WAVE    RECEPTION    AND    THE    ELIMINATION 

OF    STRAYS    ON    GROUND    WIRES    (SUBTERRANEAN 

AND  SUBMARINE)* 

By 

Lieutenant-Commander  A.  Hoyt  Taylor 
(United  States  Naval  Reserve  Force) 

Many  of  the  properties  of  ground  wires  with  respect  to  long 
wave  reception  have  been  touched  upon  in  the  previous  paper 
which  dealt  mainly  with  short  wave  work  (Proceedings  of 
The  Institute  of  Radio  Engineers,  volume  7,  number  4, 
1919).  The  purpose  of  this  paper  is  to  take  up  some  of  the  spe- 
cial problems  of  long  wave  reception  with  ground  wires,  with  • 
special  reference  to  the  work  done  by  the  writer  on  the  elimina- 
tion of  strays. 

1.     Optimum  Wire  Length  for  Long  AVaves 

Number  12  rubber  covered  wire^  was  used  for  all  of  the  earlier 
experiments  on  optimum  wire  length  because  it  was  found  to 
hold  its  insulation  for  several  weeks  and  was  cheap  and  easy  to 
handle.  It  is  not  recommended  for  permanent  installations. 
It  has  already  been  shown  in  the  previous  paper  that  for  600 
meters  the  optimum  length  for  this  wire  was  125  feet  (38.1 
meters)  each  way,  and  that  up  to  1,125  meters  this  length  seemed 
to  be  proportional  to  the  wave  length.  It  was  therefore  expected 
that  a  similar  relation  would  hold  for  waves  between  4,000  and 
15,000  meters.  For  12,000  meters  the  length  was  therefore 
expected  to  be  2,500  feet  (763  meters).  Since  there  was  com- 
paratively little  arc  work  being  done  by  stations  south  of  Great 
Lakes,  and  since  there  were  no  arc  stations  north  of  Great  Lakes, 
it  was  necessary  in  the  work  done  there,  to  attempt  optimum 
length  experiments  on  stations  cither  east  or  west  of  Great  Lakes. 
At  the  laboratory  on  the  bluff,  it  was  not  possible  to  lay  wires 
in  trenches  for  so  great  a  distance,  while  at  the  station  on  the 
beach,  it  was  only  possible  to  lay  a  wire  in  one  direction,  using 
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it  against  a  ground.  An  attempt  was  made  in  two  ways  to 
determine  whetlier  or  not  optimum  length  existed  for  these 
long  waves.  First  the  signals  from  Lyons,  France,  on  15,000 
meters  were  observed  on  a  wire  3,000  feet  (915  m.)  long,  running 
straight  east  into  the  lake,  the  outer  end  of  the  wire  being  sixty 
feet  (18.3)  under  water.  This  wire  was  gradually  pulled  in 
and  observations  taken.  It  was  a  laborious  and  difficult  matter 
to  obtain  satisfactorj^  observations  in  this  way,  but  those  that 
were  taken  indicated  that  2,650  feet  (808  m.)  gave  the  best  signal 
for  Lyons.  The  signals  were  too  weak  to  get,  with  the  amplifica- 
tion at  that  time  available,  any  adequate  measure  which  would 
indicate  whether  the  ratio  of  signal  to  stray  was  better  at  this 
length  than  at  others.  About  this  time  Doctor  L.  W.  Austin 
reported  that,  as  far  as  he  could  determine  from  the  experiments 
made  in  the  slightly  brackish  water  of  the  Potomac  at  Anacostia, 
District  of  Columbia,  there  was  no  optimum  wire  length  for  long 
waves  and  that  no  proportionate  increase  in  signal  was  observed 
after  2,000  feet  (610  m.).  In  the  Great  Lakes  experiments, 
all  signals  were  compared  with  those  received  on  a  standard 
wire,  2,000  feet  (610  m.)  in  length.  In  order  to  avoid  the  la- 
borious process  of  hauling  in  the  long  wire,  which  occupied  con- 
siderable time,  the  problem  was  attacked  at  Great  Lakes  on 
a  different  basis.  Two  wires,  separated  50  or  60  feet  (15  or  18 
m.),  running  in  the  same  direction  were  compared.  The}'  were 
both  fixed  in  length,  one  being  2,000  feet  (610  m.)  and  the  other 
1,750  feet  (534  m.)  long.  For  various  wave  lengths  between 
5,000  and  14,000  meters,  the  ratio  of  signals  on  the  2,000  foot 
(610  m.)  wire  to  signals  on  the  1,750  foot  (534  m.)  wire  was 
determined.  These  observations  were  insufficient  in  number 
to  be  at  all  conclusive,  but  the  best  ratio  was  obtained  at  12,600 
meters,  Nauen's  wave,  indicating  that  2,000  feet  (610  m.)  was 
not  far  from  the  optimum  length  for  this  wave.  It  is,  of  course, 
possible  that  the  relation  between  optimum  wire  length  and 
wave  length  is  not  exactly  linear,  and  it  is  deemed  that  the  data 
herein  reported  is  not  entirely  satisfactory.  The  experiments 
on  optimum  length  were  continued  later  at  the  U.  S.  Xaval 
Radio  Station,  Belmar,  New  Jersey,  which  was  then  the  principal 
station  and  control  center  of  the  trans-Atlantic  system  and  where 
the  writer  was  stationed  as  trans- Atlantic  Communication 
Officer.  The  Belmar  experiments  on  wires  laid  in  the  inlet 
(salt  water)  in  front  of  the  radio  station,  showed  that  up  to  the 
length  of  1,500  feet  (458  m.)  signals  from  Nauen  on  12,600  meters 
continued  to  increase.     It  was  impossible  to  obtain  a  greater 


distance  than  1,500  feet  (458  m.)  without  deviating  too  far  from 
the  proper  direction.  During  the  month  of  January,  ice  formed 
on  the  inlet  and  a  piece  of  ''packard  cable,"  number  14  high 
tension^,  was  laid  on  the  surface  of  the  ice  for  the  purpose  of 
determining  the  optimum  length  of  Nauen's  short  wave,  6,300 
meters.  The  signal  strength  rose  rather  rapidly  until  a  thou- 
sand feet  (305  m.)  were  used,  after  which  it  rose  very  slowly  so 
that  it  was  difficult  to  determine  exactly  where  the  optimum 
length  lay.  It  was  estimated  to  be  1,600  feet  (488  m.).  Similar 
experiments  with  a  wire  on  the  ice,  using  Lyons'  spark  wave  of 
5,300  meters,  indicated  an  optimum  length  of  1,200  feet  (366  m.) 
and  showed  also  that  the  rise  of  signal  strength  was  verj^  gradual 
and  that  there  was  no  practical  advantage  in  using  over  800 
feet  (344  m.)  of  wire  for  5,000  meters  and  not  over  1,000  feet 
(305  m.)  for  6,000  meters.  About  this  same  time,  January, 
1918,  lead  covered  cable  on  the  surface  of  the  ground  was  tested 
at  Belmar.  The  sheath  of  the  cable  was  grounded  at  a  number 
of  points,  special  care  being  taken  to  get  a  good  ground  at  the 
receiving  end.  The  core  of  the  cable  contained  two  number  18 
copper  wires^,  which  were  connected  to  the  receiving  set  and  used 
against  a  ground  connection.  The  behavior  of  lead-covered 
cable  showed  at  once  that  the  most  suitable. length  for  long 
waves  was  decidedlj^  different  from  that  proper  for  ground  wires 
or  submerged  wires.  For  instance,  while  2,000  feet  (610  m.)  of 
underground  wire  was  found  very  suitable  for  waves  of  10,000 
meters  and  upwards,  it  was  found  that  a  lead-covered  cable 
3,000  feet  (915  m.)  in  length  showed  up  best  on  wave  lengths 
between  5,000  and  6,000  meters.  A  lead-covered  cable  7,000 
feet  (2,135  m.)  in  length  was  then  opened  at  a  series  of  points 
500  feet  (153  m.)  apart  and  observations  were  taken  on  Nauen's 
6,300  meter  wave,  comparison  being  made  in  each  case  with 
the  signals  obtained  on  a  fixed  2,000-foot  (610  m.)  ground  wire. 
A  curve  was  plotted  from  this  data  which  showed  a  maximum  at 
3,000  feet  (915  m.);  the  curve  was,  however,  very  flat.  A  little 
later  experiments  were  undertaken  with  a  gi-ound  wire  buried 
seven  feet  (2.1  m.)  deep,  a  number  of  pits  having  been  dug  for 
the  installation  of  disconnecting  switches.  Observations  were 
taken  on  signals  on  9,500  meters  from  Stavanger,  Norway,  and 
on  Nauen's  6,300  meter  wave.  The  total  length  of  ground  wiio 
available  was  2,000  feet  (610  m.).  The  observations  were  in- 
conclusive, the  Stavanger  signals  at  9,500  meters  indicating  a 
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maximum  when  the  full  length  of  the  wire  was  used,  whereas 
measurements  on  Nauen  indicated  a  linear  rise  proportionate 
to  the  length  of  the  wire,  that  is  to  say,  the  Nauen  observations 
indicated  no  optimum  length  inside  of  2,000  feet  (610  m.).  It 
is  regretted  that  the  pressure  of  other  work  interrupted  these 
interesting  experiments  at  this  point.  A  little  later  in  the 
Spring,  experiments  were  begun  at  the  Naval  Radio  Station, 
Chatham,  ^Massachusetts,  bj^  Gunner  D.  J.  Burke,  under  the 
writer's  direction,  and  some  attempts  were  made  there  to  dis- 
cover whether  there  was  such  a  thing  as  optimum  wire  length  in 
fresh  water,  salt  water,  and  in  ground.  The  results  were  nega- 
tive as  far  as  salt  water  is  concerned,  and  doubtful  as  far  as  fresh 
water  and  ground  were  concerned.  During  the  summer  a  special 
station  was  erected  at  Belmar  with  a  2,000-foot  (610  m.)  sea  wire, 
but  no  results  were  obtained  with  this  wire  indicating  an  opti- 
mum length.  Altho  an  insufficient  number  of  observations  on 
long  waves  have  been  taken,  it  is  quite  evident  that  the  optimum 
length  does  not  exist  in  salt  or  brackish  water  and  that  if  it 
exists  in  fresh  water  or  for  wires  buried  in  the  ground,  the  opti- 
mum is  not  at  all  sharp.  The  most  positive  indications  of 
optimum  length  on  long  waves  were  obtained  with  surface 
cables  laid  either  on  the  ground  or  on  the  ice.  Theoretical 
considerations  would  indicate  that  for  very  long  waves  and  cor- 
respondingly long  wires,  the  resistance  of  the  system  is  so  high 
that  it  is  much  more  perfectly  aperiodic  than  is  the  case  for  short 
waves.  Confirming  this  is  the  fact  that  a  single  ground  wire 
may  be  so  readily  used  for  the  reception  of  a  number  of  different 
stations  on  different  wave  lengths  without  any  interference 
whatever  in  the  tuning,  it  being  assumed,  of  course,  that  the 
local  oscillations  of  the  receiving  bulbs  are  so  adjusted  as  not  to 
heterodjme  against  each  other.  It  was  frequently  possible  at 
Belmar  to  cop3'  simultaneously  on  an}-  of  the  ground  wires  or 
sea  wires,  Lyons  on  15,000  meters,  Carnarvon  on  14,000  meters, 
Nauen  on  12,600  meters,  Rome  on  11,000  meters  and  Nantes 
on  10,000  meters.  This  procedure,  altho  possible  on  short 
waves,  does  not  work  out  well  at  all,  because  each  wave  requires, 
for  best  results,  its  particular  optimum  length. 

2.     Ratio  of  Signals  to  Strays 
In  order  for  the  ground  wire  system  to  be  of  practical  value 
it  must  be  able  to  show  advantage  in  readability  of  signals  not 
onl}^  over  an  ordinary  aerial  but  over  a  properly  designed  re- 
ceiving frame  or  closed  loop,  since  the  latter  is  more  compact 
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and  easier  of  installation.  The  elimination  of  actual  static  is, 
of  course,  fairly  complete  on  the  ground  wires,  but  the  relative 
advantage  of  ground  wires  over  rectangles,  as  far  as  the  elimina- 
tion of  all  strays  was  concerned,  had  to  be  made  the  subject  of 
exhaustive  tests.  Early  in  January,  1918,  the  writer  requested 
Ensign  A.  Crossley  at  Great  Lakes  to  construct  a  rectangle  11 
feet  (3.36  m.)  square,  wound  with  80  turns  of  number  13  double 
cotton-covered  wire^  spaced  0.5  inch  (1.27  cm.)  apart.  This 
rectangle  was  compared  for  a  considerable  period  of  time  with 
the  1,200  foot  (366  m.)  "packard  cable"  at  the  Great  Lakes 
laboratory  station  on  the  bluff,  the  cable  being  buried  four  feet 
(1.22  m.)  under  the  surface  of  the  earth.  The  ground  wires 
gave  signals  averaging  three  times  as  strong  as  those  on  the  rect- 
angle. The  ground  at  that  time  was  partly  frozen.  The  fol- 
lowing table  is  typical  of  the  observations  obtained  at  Great 
Lakes : 


Station 

Ground 

Rect- 

Ground 

Wire 

angle 

Rect. 

WGG 

Tuckerton,  New  Jersey 

5.5 

4.7 

1.17 

NPL 

San  Diego,  California 

6.6 

2.9 

2.26 

KET 

Bolinas,  California 

2.2 

1.3 

1.70 

NAA 

Arlington,  Virginia 

1.5 

2.8 

0.54 

NAD 

Boston,  Massachusetts 

1.0 

1.4 

0.72 

KIE 

Heiia  Point,  Hawaii 

0.4 

0.3 

1.33 

NBA 

Darien,  Panama  Canal  Zone 

1.3 

0.9 

1.45 

NPC 

Puget  Sound,  Washington 

2.2 

1.6 

1.38 

KSS 

San  Francisco,  California 

2.1 

1.2 

1.75 

NPM 

Peail  Harbor,  Hawaii 

1.5 

0.7 

2.13 

NPG 

San  Francisco,  California 

1.0 

0.7 

1.44 

WII 

New  Brunswick,  New  Jersey 

15.0 

7.4 

2.02 

POZ 

Nauen,  Germany 

0.2 

0.1 

2.00 

BZZ 

Carnarvon,  Wales 

0.3 

0.2 

1.50 

NPA 

Cordova,  Alaska 

0.3 

0.1 

3.00 

Average 

l.()2() 

The  average  readability  of  signals  at  Great  Lakes  was  62.6  iier 
cent,  better  on  the  ground  wire  than  on  the  rectangle.  About 
the  time  the  frost  penetrated  well  into  the  ground  at  (Jreat  Lakes, 
it  had  been  noted  that  the  strays  became  distinctly  worse.  Tlic 
same  thing  was  noticed  on  the  sea  wires  at  Bclniai-  when  the 
•Diamotpr  of  mimbor  lo  wire  =  0.072  itic'i  =  0.1S3  cm. 


shallow  inlet  froze  up  so  that  the  wires  were  partly  covered  with 
a  three-inch  sheet  of  ice.  In  order  to  get  further  evidence,  wires 
were  laid  at  Belmar  on  top  of  the  ice  and  directly  over  the  sea 
wires  and  the  ratios  of  signals  to  strays  on  many  trans-Atlantic 
stations  were  obtained  in  comparison  with  the  signals  on  the  sea 
wires  frozen  in  the  ice.  The  readabilitj'^  of  signals,  defining 
readability  as  the  ratio  of  signals  to  strays,  was  twice  as  good  on 
the  sea  wires  under  the  ice,.altho  not  as  good  as  on  the  same 
wires  without  any  ice  over  them.  In  the  meantime  hundreds  of 
observations  had  been  accumulated  at  Belmar  comparing  the 
ratio  of  signals  to  strap's  received  on  rectangles  77  feet  (23.5  m.) 
long  by  30  feet  (9.2  m.)  high,  with  12  turns  of  number  10  copper 
wire^  spaced  6  inches  (15.2  cm.)  apart,  with  those  obtained  on 
1,200,  1,400,  and  1,700-foot  (366,  427,  and  519  m.)  sea  wires  and 
with  those  obtained  on  a  2,000-foot  (610  m.)  land  wires  buried 
2  feet  (61  cm.)  deep.  ]\Iany  observations  were  also  made  on  a 
2,000-foot  (610  m.)  land  wire  buried  7  feet  (2.14  m.)  deep.  This 
latter  wire  gave  louder  signals  than  the  one  buried  2  feet  (61  cm.), 
but  the  same  ratio  of  signals  to  strap's.  The  general  average 
showed  that  the  signals  obtained  on  rectangles  and  sea  wires 
were  of  approximately  the  same  intensity,  but  that  the  readability 
of  the  signals  received  on  the  sea  wires  was  twice  that  received 
on  the  rectangles.  On  the  other  hand,  the  ground  wires,  altho 
giving  signals  four  to  five  times  as  strong  as  the  rectangle,  showed 
no  advantage  whatever  in  readal)ility.  Similar  experiments 
were  carried  out  during  the  summer  at  the  Xaval  Radio  Station 
at  Tuckerton,  New  Jersey,  with  the  ground  wires  placed  in  ex- 
tremely moist  earth  and  where  they  showed  a  marked  advantage 
over  the  rectangle,  altho  the}^  proved  to  be  not  quite  as  good  as 
the  sea  wires  at  Belmar.  In  the  meantime  a  great  manj^  measure- 
ments had  been  made  at  Chatham,  Massachusetts,  on  wires  both 
in  fresh  and  salt  water.  The  fresh  water  wires  showed  tre- 
mendous signals  but  no  better  ratios  or  readability  than  rect- 
angles. The  sea  wires  on  the  other  hand  showed  good  readability, 
but  owing  to  their  being  covered  part  of  the  time  b}-  a  high  tide 
to  a  depth  of  six  feet  (1.8  m.),  they  showed  rather  weak  signals. 
It  was  attempted  to  remedy  this  by  suspending  them  from  floats, 
but  owing  to  interference  with  traffic  in  the  bay  and  to  stormy 
weather  conditions  this  was  abandoned  as  being  impracticable. 
It  must  be  noted  that  the  good  results  on  long  waves  in  the  earlier 
experiments  at  Great  Lakes  were  obtained  with  wires  buried  in 
wet  sand  and  a  little  later  with  wires  buried  on  the  bluff  at  a 
5 Diameter  of  number  10  wire  =  0.102  inch  =  0.259  cm. 


sufficient  depth  to  be  near  ground  water  level,  in  fact  below  it 
at  a  good  many  points.  It  is  quite  evident  that  the  ground  wire 
system  possesses  no  advantage  over  the  rectangle  in  the  elimina- 
tion of  strays  other  than  static,  except  when  the  ground  wires 
are  laid  in  a  partially  conducting  medium.  An  attempt  was 
made  to  confirm  these  results  at  the  Naval  Radio  Station  at 
Bar  Harbor,  Maine,  and  it  was  found  that  ground  wires  laid  in 
the  very  rocky  surface  soil  seemed  to  have  even  worse  strays 
than  those  received  on  the  rectangle.  A  sea  wire,  1,100  feet 
(1,336  m.)  long  was  placed  in  an  inlet,  but  was  found  to  be,  even 
when  floated  on  the  surface,  completely  shielded  from  all  trans- 
Atlantic  signals,  there  being  a  cliff  considerably  over  100  feet 
(30.5  m.)  high  on  one  side  and  another  cliff  80  feet  (24.4  m.)  high 
on  the  other.  The  waves  apparently  jumped  this  gap  without 
influencing  the  wire  floating  on  the  surface  of  the  water  in  the 
least,  showing  a  rather  interesting  case  of  complete  shielding. 
The  effect  of  the  freezing  of  the  ground  or  of  the  water  in  which 
the  wires  were  placed  is  evidently  due  to  the  change  in  conductiv- 
ity^ thereby  produced.  Bearing  these  facts  in  mind  an  attempt 
was  made  at  Belmar  to  use  lead-covered  cable  in  such  a  way  as 
to  imitate  the  properties  of  properly  installed  ground  wires, 
without  the  necessity  of  burying  them.  These  attempts  met 
with  a  partial  degree  of  success.  A  lead-covered  cable  showed 
stray  ratios  intermediate  between  those  of  the  wires  buried  in 
dry  soil  and  the  sea  wires.  If,  however,  the  sheath  of  the  cable 
was  frequently  intercepted  so  that  its  electrical  continuity  was 
broken  up,  the  signal  rose  greatly  in  intensity  and  the  strays  still 
more  so,  until  the  ratio  of  signals  to  strays  was  slightly  worse 
than  that  obtainable  upon  wires  buried  in  dry  soil.  If  the  con- 
ducting medium  surrounding  the  wires  is  of  too  high  a  conductiv- 
it}^,  good  results  will  not  be  obtained,  especiall}^  if  the  wire  is 
lowered  to  any  considerable  distance  below  the  surface.  During 
the  month  of  June,  1918,  experiments  were  made  ten  miles 
(16  km.)  off  the  coast  at  Belmar  with  an  800-foot  (244  m.)  wire 
trailed  behind  a  small  motor  dory.  The  signals  from  trans- 
Atlantic  stations  decreased  rapidly  with  the  depth  of  the  wire, 
so  that  at  15  feet  (4.6  m.)  below  the  surface,  it  was  not  possible 
to  copy  them  with  two  stages  of  amplification.  Of  course, 
trans-Atlantic  signals  at  that  time  of  the  year  and  at  mid-day, 
when  the  test  was  conducted,  were  not  very  strong,  nevertheless 
when  the  wire  was  within  four  feet  (1.2  m.)  of  the  surface,  Car- 
narvon, Naucn,  Nantes,  and  Rome  were  all  copied  without  dif- 
ficulty on  this  particular  occasion. 


3.     Methods  of  Eliminating  Strays  From  Long  Wave 
Receivers 

It  may  be  of  interest  to  note  here  a  few  of  the  methods  tried 
out  at  Behiiar  for  the  further  suppression  of  strays  on  ground 
wires  and  particularly  on  sea  wires,  altho  the  principle  was 
finally  accepted  that  the  strays  had  to  be  eliminated  before 
entering  the  receiving  circuit. 

(a)  Tuned  telephone  circuit.  The  use  of  group  tuners  or 
audio  frequency  tuners  in  the  amplifier  circuits  was  tried  out 
and  shown  to  have  some  shght  advantage,  but  not  enough  to 
warrant  its  general  adoption.  The  tendency  of  all  such  devices 
is  to  produce  a  ringing  or  blurred  signal.  These  devices 
are  very  deceptive  to  the  ear;  they  appear  at  first  to  produce 
a  very  great  improvement,  but  when  one  tries  to  make  copy  it 
is  discovered  that  the  improvement  is  generally  imaginary. 

(b)  Audio  frequency  balanced  circuits.  A  device  some- 
what similar  to  the  Fessenden  interference  preventer  was  next 
tried  out.  It  consisted  of  two  complete  receiving  circuits  ar- 
ranged in  duplex  thru  a  differential  transformer  which  led  to  the 
amplifier.  The  idea  here  was  to  take  advantage  of  the  fact  that 
several  circuits  could  be  tuned  to  one  ground  wire  without  mutual 
disturbances  and  by  tuning  one  of  the  circuits,  say  to  14,000 
meters  and  the  other  to  13,500  meters,  and  opposing  the  output 
of  the  receiving  bulbs  in  the  differential  transformer,  it  might 
be  possible  to  balance  out  strays  on  adjacent  wave  lengths  with- 
out eliminating  the  signal.  It  was  found,  however,  that  this 
was  not  possible  unless  the  signal  as  well  as  the  strays  was  bal- 
anced out. 

(c)  Radio  frequency  balance.  A  radio  frequency  differen- 
tial transformer  was  then  tried  out,  the  device  consisting  of  two 
circuits  tuned  to  nearby  waves,  the  secondaries  of  the  two  tuners 
being  coupled  differentially  to  a  tertiary  circuit,  the  coupling 
being  made  very  loose.  Some  improvement  was  obtained  with 
this  circuit,  altho  the  adjustment  was  very  critical  in  order  to 
get  exact  opposition  in  phase  and  amplitude.  It  had  one  great 
advantage,  namely,  it  was  possible  to  differentiate  very  sharply 
between  stations  the  wave  lengths  of  which  were  very  close 
together,  but  on  the  whole  it  was  not  considered  to  be  of  sufficient 
assistance  in  the  elimination  of  strays  to  make  it  worth  while. 

(d)  Radio  frequency  amplifiers.  A  three-stage  radio  fre- 
quency amplifier  with  tuned  circuits  and  very  loose  coupling  was 
next  tried  out.  Again  the  results  showed  very  high  selectivity 
and  a  noticeable  gain  in  readability,  nevertheless  the  circuits 
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were  so  difficult  to  handle  that  it  was  not  considered  to  be  sat- 
isfactory from  an  operating  point  of  view,  neither  was  the  gain 
sufficient  to  make  it  seem  worth  while. 

(e)  Automatic  recorders. 

An  automatic  recorder  of  unusuallj^  good  design,  selectivity, 
and  sensitiveness  was  then  tried  out.  At  first  it  seemed  to 
promise  great  results,  but  after  reading  several  thousand  feet 
of  tape  and  comparing  it  with  the  copy  obtained  by  a  good 
operator,  •  it  was  found  that  the  recorder  was  no  more  reliable 
than  a  good'  operator  and  if  the  speed  was  increased  bej^ond 
thirty  words  a  minute,  the  recorder  was  badly  interfered  with 
by  strays.  One  difficulty  was  that  rather  excessive  amplifica- 
tion was  necessary  in  order  to  use  this  recorder  on  sea  wires. 

(f)  The  use  of  high  pitched  telephones.  Some  experi- 
ments of  considerable  interest  were  carried  out  with  very  high 
pitched  telephones  and  these  experiments  did  show  a  bona  fide 
improvement  in  the  ratio  of  signals  to  strays  and  the  writer 
believes  that  there  is  a  profitable  field  of  investigation  in  this 
line,  if  telephones  of  high  pitch  can  be  manufactured  with  a  sen- 
sibility that  is  comparable  with  that  of  standard  telephones  at 
a  thousand  cycles. 

4.  The  Elimination  of  Strays  from  Land  and  Sea  Wires 
It  was  finally  decided  that  the  only  way  to  do  anything  to- 
wards the  further  suppression  of  strays  over  and  above  that 
already  obtained  by  the  use  of  a  good  sea  wire,  was  to  apply  the 
method  of  elimination  ahead  of  the  primary  of  the  receiver. 
Considerable  improvement  in  the  ratio  of  signal  to  stray  was 
obtained  by  placing  a  low  resistance  of  value  between  1  and  25 
ohms  across  the  primary  of  the  receiving  set.  It  will  be  re- 
membered that  the  receiving  sets  were  standard  Navy  long  wave 
tuners  and,  therefore,  had  a  series  condenser,  and  that  in  ground 
wire  work  the  tuning  of  the  primary  is  dependent  only  upon  the 
constants  of  the  primary  and  not  upon  the  length  of  the  ground 
wire,  the  only  exception  being  when  exceedingly  short  ground 
wires  are  used.  There  is  also  probably  some  slight  deviation 
from  the  rule  when  working  with  short  waves  around  the  opti- 
mum wire  length.  The  placing  of  the  shunt  around  the  primary 
therefore  did  not  in  any  way  affect  the  tuning  of  it.  The  im- 
provement in  signal-to-stray  ratio  obtained  by  the  use  of  the 
shunt  is  at  the  cost  of  considerable  diminution  in  signal  strength 
and  is  not  therefore  of  verj^  great  value  in  improvement  in  read- 
ability except  in  special  cases.     It  having  been  determined  that 


the  sea  wires  had  twice  as  good  a  ratio  of  signal  to  stray  as  the 
rectangles,  it  seemed  likely  that  one  ought  to  be  able  to  balance 
the  strays  from  a  rectangle  against  those  from  a  sea  wire  and  still 
have  some  signal  left  over.  This  was  first  attempted  by  coupling 
magnetically  the  primary  of  the  receiving  set  by  means  of  a  dif- 
ferential radio  frequency  transformer  to  both  sea  wire  and 
rectangle.  The  differential  transformer  had  one  secondary  coil 
which  was  in  series  with  the  primary  of  a  receiving  set  and  it 
had  two  primary  coils,  one  of  which  by  means  of  a  series  condenser 
was  tuned  to  a  rectangle  and  the  other  tuned  by  means  of  an- 
other series  condenser  and  suitable  loading  coils  to  one  of  the 
sea  wires.  See  Figure  1.  As  a  balancing  arrangement  the 
device  worked  perfectly,  but  altho  signals  even  of  very  great 
intensity  could  be  accurately  balanced  out,  it  was  not  possible 
to  balance  out  straj^s.     It  should  be  noted  that  the  planes  of 
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the  rectangle  pointed  in  the  same  direction  as  the  sea  wire,  that 
is  towards  the  European  stations.  The  failure  of  the  experi- 
ment was,  at  the  time,  laid  to  a  lack  of  exact  similarity  in  di- 
rective properties  of  the  two  component  parts  of  the  balanced 
system,  but  it  is  the  present  opinion  of  the  writer  that  the  fail- 
ure was  due  to  the  fact  that  the  rectangle  constitutes  a  relatively 
feebly  damped  receiving  system,  while  the  sea  wire  is,  especially 
for  long  waves,  aperiodic.  A  similar  attempt,  shown  in  Figure  2, 
was  made  to  balance  a  land  wire  against  a  sea  wire  and  with 
the  same  results  as  far  as  this  circuit  is  concerned.  This  is 
probably  due  to  the  fact  that  a  land  wire  in  dry  soil  is  not  so 
nearly  aperiodic  as  a  sea  wire.  If  the  land  wire  were  laid  in 
wet  soil  the  experiment  would  also  fail,  because  the  ratio  of 
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signal  to  stray  would  be  too  nearly  the  same  for  both  sides  of 
the  system.  The  next  attempt,  shown  in  Figure  3,  was  to  bal- 
ance by  means  of  a  small  potentiometer  arrangement,  a  land 
wire  against  a  sea  wire.  The  resistance  R  was  a  slide  wire  rheo- 
stat, various  values  being  tried  from  50  to  2,000  ohms.     The 


LAND  WIRE    JOOO  FT. 


-^wvvv^Y^^^Av^AV- 


SEA  N*/IRe    ITOO  FT 


PRIMARY 
RECCIVEH. 


Figure  3 

idea  in  the  arrangement  of  Figin-e  3  was  that  the  current  from 
sea  wire  to  ground  would  be  opposed  in  phase  from  the  current 
from  land  wire  to  ground  and  by  suitably  proportioning  the  two 
parts  of  the  resistance  R,  the  strays  could  be  balanced  out. 
Such,  however,  did  not  prove  to  be  the  case  and  it  was  recog- 
nized that  the  difficulty  was  due  to  the  fact  that  the  phase  re- 
lationship of  the  current  in  the  sea  wire  was  not  the  same  as  for 
the  current  in  the  land  wire.  The  final  anangement  for  the 
balance  of  the  land  wire  against  the  sea  wire  is  shown  in  Figur(> 
4,  where  a  phase-adjusting  device,  UCu  is  put  in  series  with 
either  land  wire  or  sea  wire.     It  is  not  necessary  to  have  this 
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device  in  series  with  each  collector.  It  was  usually  used  in 
series  with  the  land  wire.  It  will  be  noted  that  the  ratio  of  signal 
to  stray  on  collector  number  1,  that  is,  the  sea  wire,  has  been 
further  improved  by  the  use  of  the  resistance  Ri,  which  shunts 
the  end  of  that  wire  directl}'  to  ground.     This  circuit  at  once 
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gave  very  satisfactory  results  and  experiments  were  innnedi- 
ately  continued  to  determine  whether  the  balance  of  strays  was 
dependent  upon  the  length  and  nature  of  the  land  and  sea  wires. 
It  was  found  that  within  the  limits  wherein  observations  were 
taken  on  sea  wires,  namely  from  1,000  to  2,000  feet  (305  to  610 
m.),  the  length  of  the  sea  wire  had  but  little  influence,  best  re- 
sults being  obtained  with  1,500  feet  (458  m.)  of  sea  wire.  The 
length  of  the  land  wire  was  found  to  depend  upon  the  wave 
length,  in  general,  shorter  lengths  working  better  when  shorter 
waves  were  to  be  balanced.  The  lead-covered  cable  was  used 
as  a  land  wire  very  successfully  when  the  strays  were  made  as 
bad  as  possible  on  the  cable  by  intersecting  the  sheath,  every  two 
hundred  feet  (61  m.).  It  is  desirable,  of  course,  that  the  land 
wire  have  as  bad  a  ratio  as  possible.  Exceedingly  satisfactory 
balances  were  obtained  thruout  the  summer  of  1918  on  all  wave 
length  between  6,000  and  15,000  meters.  No  work  was  done 
on  shorter  wave  lengths  than  6,000  meters.  The  device  was  put 
into  the  hands  of  the  operators  on  April  7,  1918,  and  either  this 
circuit  or  the  following  circuit  was  used  at  Belmar  from  that  time 
on  for  copying  all  trans-Atlantic  signals.  Encouraged  by  the 
success  of  this  method  of  balancing  two  wires,  attention  was 
again  given  to  the  rectangle,  since  the  rectangle  showed  just  as 
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bad  a  ratio  of  signal  to  stray  as  the  land  wire  and  should  have 
sufficiently  similar  directivity.  The  rectangle  was  therefore 
substituted  for  the  land  wire.  The  resistance  R  is  sufficiently 
high  to  give  the  rectangle  a  very  high  decrement.  The  tuning  is 
exceedingly  flat.  No  marked  success  was  obtained  until  the 
circuit  shown  in  Figure  5  was  adopted,  that  is,  until  the  sea  wire 
was  shunted  to  earth  thru  a  small  resistance  Ru     The  exact 
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functioning  of  this  resistance  is  not  understood,  but  its  presence, 
especially  in  the  balancing  of  a  rectangle  against  a  sea  wire,  is 
of  the  utmost  importance.  Figure  6  shows  the  design  of  a  panel 
to  be  placed  to  the  left  of  a  standard  Navy  long  wave  receiver, 
this  panel  providing  the  necessary  terminals  for  sea  wire  and 
either  land  wire  or  rectangle.  It  also  contains  the  phase-adjust- 
ing device  in  series  with  the  rectangle  or  land  wire,  the  balance 
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resistance,  and  the  shunt  to  earth  on  the  sea  wire  terminal. 
This  circuit,  Figure  5,  is  dependent  also  for  its  success  upon  the 
proper  choice  of  the  dimensions  of  the  rectangle,  since  it  is 
necessary  to  have  a  comparatively  high  resistance  in  series  with 
it  at  all  times.  The  rectangle  must,  therefore,  be  designed  to 
have  adequate  collecting  power.  Naturalh^  this  depends  upon 
the  wave  length.  For  6,000  meters  a  rectangle  30  feet  (9.2  m.) 
by  77  feet  (23.5  m.)  with  12  turns  of  number  10  wire^  spaced 
6  inches  (15.2  cm.),  was  found  satisfactory.  For  waves  from 
10,000  to  15,000  meters,  a  rectangle  of  the  same  dimensions  but 
with  double  the  number  of  turns  was  found  best.  The  setting 
of  the  phase-adjusting  condenser  depends  slightly  on  the  depth 
of  the  water  over  a  sea  wire.  As  the  tide  came  in  it  was  found 
necessary  to  advance  the  phase  slighth^  in  the  ground  wire  or 
rectangle,  as  the  case  might  be. 

5.     Methods  of  Adjusting  Balanced  Systems 
The  method  of  adjusting  the  balanced  system  is  described 
as  follows  (reference  Figures  4  or  5) : 

(a)  The  slider  of  the  resistance  R  is  pushed  to  the  right 
until  there  is  little  or  no  resistance  between  the  slider  and  col- 
lector number  1.  The  primary  of  the  receiver  is  adjusted  by 
variation  of  the  inductance  L  and  the  capacit}^  C  until  it  is 
tuned  to  the  incoming  signal.  The  resistance  Ri  is  adjusted 
to  the  lowest  value  which  is  consistent  with  good  audibility  of 
signal.  The  secondary  Lo  is  adjusted  in  the  usual  manner  as 
are  also  the  amplifiers. 

(b)  The  slider  of  the  resistance  R  is  pushed  to  the  left  so 
that  little  or  no  resistance  lies  between  the  capacity  C  and  the 
primary.  Without  changing  the  primary  adjustment,  the 
loading  coil  Li  and  the  capacity  Ci  are  adjusted  so  that  the  same 
signal  is  received  from  collector  number  2. 

(c)  The  slider  of  the  resistance  R  is  then  moved  back  and 
forth  until  the  best  readability'  of  signals  is  obtained,  the  normal 
position  being  nearer  the  end  of  collector  number  1  than  to  the 
capacity  C\.  In  other  words,  the  larger  part  of  the  resistance  R 
will  normally  be  in  series  with  that  collector  which  produces  the 
worst  strays. 

(d)  The  condenser  Ci  is  now  vaiied  so  as  to  shift  the  phase 
slightly  in  collector  number  2.  This  adjustment  is  fairly  broad, 
as  on  account  of  the  resistance  R,  the  tuning  in  the  circuit  in- 
volving collector  number  2  is  extremely  broad,  in  fact  the  cir- 

*  Diameter  of  number  10  wire  =  0.102  inch  =0.259  cm. 
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ciiit  is  almost,  if  not  quite,,  aperiodic.  After  a  few  adjustments 
have  been  made,  the  balance  of  the  circuit  is  extremely  simple, 
reminding  one  forcibly  of  the  method  of  balancing  employed 
in  the  bridge  method  for  comparison  of  inductance  at  audio 
frequencies,  where  variable  resistances  and  one  variable  induc- 
tance are  used  and  the  other  unknown  inductance  is  fixed.  The 
difficulty  of  balance  is  of  exactly  the  same  order,  which  means 
that  after  a  very  little  experience,  it  is  not  difficult  at  all.  In 
fact,  after  one  or  two  days'  training,  this  system  was  put  into 
the  hands  of  operators  who  had  had  comparatively  little  ex- 
perience, men  who  had  been  thru  the  Naval  Radio  School  at 
Harvard  University  and  whose  only  practical  experience  was 
that  which  had  been  acquired  in  the  course  of  duty  at  the  Belmar 
station.  From  time  to  time  slight  corrections  in  the  balance 
may  be  advisable,  as  the  character  of  the  strays  changes.  These 
corrections  are,  however,  mostly  in  the  phase-adjusting  con- 
denser Ci,  and  were  thought  to  be  due  largely  to  the  influence 
of  the  tide  in  shifting  the  phase  of  the  signal  in  the  sea  wire. 

6.  Character  of  Strays 
The  behavior  of  the  balanced  system  is  such  as  to  lead  to 
the  conclusion  that  strays  are  very  complex.  Certain  very 
sharp  and  violent  strays  were  soon  recognized,  after  experience 
with  this  set,  to  be  of  comparatively  local  origin,  traceable  to 
some  storm  within  a  radius  of  about  one  hundred  miles  (160  km.). 
It  would  frequently  happen  that  it  was  possible  to  obtain  trans- 
Atlantic  copy  when  there  were  violent  storms  in  the  immediate 
vicinity  of  the  station.  The  lightning  flashes  themselves  would 
produce  very  brief  and  sharp  crashes  which  also  manifested 
themselves  at  times  by  discharges  thru  the  lightning  arrestors 
in  series  with  graund  wires.  But  these  brief  disturbances 
constituted  only  a  small  interruption  in  traffic.  At  other  times, 
these  local  storms  which  could  be  seen  or  heard  from  the  station, 
produced  quite  complete  interruption.  It  was  finally  discovered 
that  if  the  storm  was  approaching  from  a  direction  at  right  angles 
to  the  system,  it  produced  far  less  interruption  to  traffic  than 
when  it  approached  parallel  to  the  system.  In  other  words, 
the  system  has  a  certain  amount  of  what  may  be  called  a  "fo- 
cussing effect,"  the  term  being  one  to  which  I  am  indebted  to 
Mr.  E.  F.  W.  Alexander&on.  Ileferiing  to  Figure  4,  it  is  evident 
that  if  the  two  parts  of  the  resistance  R  are  so  chosen  as  to  bal- 
ance a  disturbance  ten  miles  (16  km.)  away,  that  is  to  say  at 
a  distance  comparable  with  the  linear  extent  of  the  system,  it 


will  not  balance  a  disturbance  a  hundred  miles  (160  km.)  away. 
Since  the  energy  of  the  impulse  varies  as  the  inverse  square 
of  the  distance  from  the  centers  of  the  respective  collectors, 
number  1  and  number  2,  it  must  be  evident  that  the  adjust- 
ment of  the  slider  of  the  resistance  R,  which  equalizes  impulses 
from  a  nearby  point,  will  be  very  different  from  the  adjust- 
ment which  equalizes  disturbances  from  a  great  distance.  The 
greater  the  length  of  the  two  collectors,  number  1  and  number 
2,  the  more  pronounced  will  be  this  focussing  effect.  It  can  be 
utilized  to  great  advantage  in  distant  control  work,  where  the 
interfering  station  is  within  a  few  hundred  feet  (about  a  hundred 
meters),  but  the  balance  obtained  for  eliminating  such  local 
interference  is  not  the  same  as  that  which  is  utilized  for  the 
elimination  of  strays.  All  of  the  evidence  collected  during  the 
summer  of  1918  tends  to  show^  that  the  origin  of  the  straj's,  while 
varying  widely,  is,  except  for  those  produced  by  local  storms,  at 
a  very  considerable  distance,  probably  several  hundred  miles 
(over  about  500  km.).  Rarel}^  did  it  happen  that  strays  were 
bad  at  Belmar  but  what  they  were  reported  bad  also  at  Say- 
ville  and  Chatham.  Bar  Harbor,  however,  had  entirely  differ- 
ent receiving  conditions,  and  on  the  whole  was  so  remarkably 
free  from  strays  as  to  be  on  an  entirely  different  basis.  The 
balanced  sj^stem  has,  in  view  of  the  aforesaid  focussing  proper- 
ties, a  great  value  in  handling  local  disturbances  and  nearby 
interferences,  but  this  advantage  cannot  be  utilized  to  its  fullest 
extent  at  the  same  time  that  the  stray  balancing  property  is 
made  use  of.  In  the  event  of  the  necessity  of  simultaneously 
coping  with  bad  strays  and  nearby  interference,  a  compromise 
balance  has  to  be  effected. 

7.  Ratio  of  Improvement 
Multiplex  reception  of  any  number  of  stations  on  the  same 
ground  or  sea  wires  is  readily  possible  when  using  unbalanced 
reception,  but  with  a  balanced  circuit  it  is  necessary  that  each 
station  be  received  on  an  independent  pair  of  collectors.  Six 
complete  balanced  circuits,  some  of  the  type  shown  in  Figure  4 
and  some  of  the  type  shown  in  Figure  5,  were  therefore  installed 
at  Belmar  and  by  the  middle  of  April,  1918,  all  trans- Atlantic 
copy  was  made  using  the  balanced  system.  Many  observa- 
tions were  taken,  showing  the  very  great  improvement  in  the 
readability  of  signals.  These  observations,  in  case  of  strays  which 
are  very  heav}',  are  difficult  to  obtain.  It  has  frequently  been 
possible  to  get  95  per  cent,  copy  using  the  balanced  system  on 


signals  which,  unbalanced,  were  not  even  audible  on  account  of 
absolutely  continuous  strays.  Strays  which  arrive  in  an  al- 
most continuous  stream  are  handled  most  effectively  by  the 
balanced  system.  The  following  table,  reported  to  the  Bureau 
of  Steam  Engineering  under  date  of  July  27,  1918,  is  typical  of 
the  results  obtained.  Since  hundreds  of  observations  have 
shown  the  sea  wires  to  produce  twice  as  readable  signals  as 
rectangles  within  the  limits  of  accuracy  of  audibility  measure- 
ments, the  last  column  showing  the  ratio  of  improvement  over 
rectangle  is  obtained  by  multiplying  by  two  the  ratio  of  improve- 
ment over  sea  wires.  Four  cases  are  included  in  this  table 
where  unbalanced  the  signal  was  inaudible,  giving  a  theoretical 
improvement  in  ratio  of  infinity,  which,  of  course,  simply  means 
that  it  was  not  possible  to  obtain  the  audibility  of  the  signal 
with  the  means  at  hand. 

It  is  a  little  hard  to  say  exactly  what  ratio  of  improvement  is 
obtainable  with  the  balanced  system,  the  same  depending  so  much 
on  the  character  of  the  strays,  but  the  writer  believes  that  a 
ratio  of  improvement  of  4.3-to-l  over  the  sea  wires,  that  is  to 
say,  8.6-to-l  over  the  rectangle,  is  a  conservative  estimate. 
As  long  as  only  one  balanced  set  was  in  operation,  much  larger 
ratios  of  improvement  were  obtained.  In  fact  the  ratio  of  im- 
provement averaged  nearly  twice  as  much.  There  was,  however, 
an  inevitable  reaction  when  six  sea  wires  were  laid  side  by  side 
within  two  hundred  feet  (61  m.),  no  one  of  the  balanced  circuits 
showing  the  degree  of  improvement  that  it  showed  when  used 
alone.  This  is  a  very  important  point,  and  if  new  stations  of 
this  character  were  to  be  designed,  it  would  be  highly  advisable, 
as  recommended  in  one  of  the  Belmar  reports  to  the  Bureau  of 
Steam  Engineering,  to  space  the  wires  as  far  apart  as  possible. 
It  was  estimated  in  this  report  that  two  hundred  feet  (61  m.) 
between  the  different  collecting  systems  would  be  a  satisfactory 
spacing.  At  Belmar,  the  rectangles  used  in  balanced  work  were 
entirely  too  close  together,  four  rectangles  being  erected  within 
a  distance  of  three  hundred  feet  (92  m.).  When  the  Belmar 
system  is  compared  with  other  systems  on  the  basis  of  the  work 
done  in  the  summer  of  1918,  the  important  fact  should  be  borne 
in  mind  that  from  four  to  six  balanced  circuits  were  in  continuous 
operation  in  close  proximity  to  each  other  during  the  entire 
summer.  Further  evidence  of  the  improvement  produced  by 
the  advent  of  balanced  sets  at  Belmar  in  the  early  part  of  April 
is  shown  in  curves  numbers  1  to  5  inclusive.  Curve  1  represents 
the   signals  from   Carnarvon   at    14,000   meters.     The   vertical 
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ordinates  are  readabilities,  that  is  to  say  ratio  of  signals  to 
strays,  the  base  line  representing  an  adverse  ratio  in  favor  of 
strays  of  4-to-l,  which  the  writer  believes  is  the  practical  limit 
of  readability.     It  will  be  seen  that  from  February  22nd  to 
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Curve  1 


March  29th,  Carnarvon's  signals  were  getting  ver}'  bad,  being 
unreadable  a  large  part  of  the  time,  but  with  the  advent  of  the 
balanced  system,  they  quickly  jumped  above  readability  and 
remained  so  during  the  bad  summer  months.  After  May  7th, 
Carnarvon  shifted  his  schedule  to  the  afternoon,  which  also 
produced  an  improvement  in  his  readability,  nevertheless  with- 
out the  balanced  system  he  was  usually  unreadable  during  the 
summer  months.     Curve  2  shows  a  similar  graph  for  Nauen, 
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Curve  2 
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observations  being  taken  on  12,600  meter  wave.  Curve  3  shows 
the  improvement  in  Rome's  signals  on  11,000  meters  after  the 
first  week  in  April,  when  the  circuit  was  provided  with  a  bal- 
anced  system.     The   Lyons   circuit  was  not   provided   with  a 


ROME 


Curve  3 


balanced  system  on  account  of  the  lack  of  a  large  enough  rect- 
angle for  15,000  meters  until  the  second  week  in  April.  Curve 
4  shows  the  resulting  improvement.     Curve  5  shows  data  ob- 
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Curve  4 


tained  on  signals  from  Nantes  on  10,000  meters,  but  does  not 
antedate  the  balanced  system  as  we  had  no  schedule  with  Nantes 
during  that  period.  It  is  felt  that  the  results  at  Belmar  would 
have  been  somewhat  better  if  the  bluff  across  the  inlet  had  not 
shielded  the  sea  wires  considerably.     That  this  was  the  case 
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was  demonstrated  by  experiments  made  with  an  800-foot  (244  m.) 
wire  which  was  towed  about  further  out  in  the  inlet,  receiving 
being  done  on  board  a  small  motor  dory.  The  signals  were 
noticeably  stronger  further  away  from  the  bluff. 
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Curve  5 


8.  Directivity 
It  is  difficult  to  carry  out  accurate  experiments  on  directivity 
of  ground  wires.  Perhaps  the  most  conclusive  experiments  at 
Belmar  were  those  referred  to  in  the  preceeding  paragraph,  where 
the  800-foot  (244  m.)  wire  trailed  from  a  motor  boat  was  swung 
about  in  different  directions,  maximum  signals  always  being 
obtained  when  the  wire  pointed  either  toward  or  directly  away 
from  the  European  stations.  Work  done  by  Mr.  H.  H.  Lyon 
at  New  London  indicated  some  difference  in  the  strength  of 
signal  when  the  wire  pointed  toward  the  station  as  compared 
to  what  it  was  when  the  wire  pointed  awaj^  from  it.  This  was 
not  confirmed  at  Belmar.  It  is  beheved  that  Mr.  Lyon's  re- 
sults may  have  been  influenced  by  shielding  effects,  which  was 
certainly  not  the  case  at  Belmar,  as  the  work  was  carried  on 
well  out  in  the  inlet  and  away  from  the  shore.  Concerning  di- 
rectivity, it  has  been  noted  that  the  directivity  does  not  seem 
as  sharp  on  very  distant  stations  as  it  does  on  nearby  stations. 
This  is,  of  course,  fully  understandable.  There  are  many  routes 
by  which  a  signal  might  reach  a  station  from  a  transmitter  at 
a  groat  distance.  The  most  striking  case  noted  at  Belmar  was 
where  signals  from  Cavite,  Philippine  Islands,  8,300  miles  (13,- 


280  km.)  distant,  were  received  with  an  intensity  loud  enough 
to  be  heard  with  the  telephones  on  the  table,  altho  the  shortest 
great  circle  line  from  Belmar  to  Cavite,  which  passes  up  thru 
Hudson  Ba}',  the  Arctic  Ocean  and  thru  part  of  Siberia,  strikes 
Belmar  almost  exactty  at  right  angles  to  the  wires  which  were 
used  for  reception.  In  agreement  with  the  lack  of  directivity 
at  times  on  long  distance  stations  stand  certain  results  obtained 
by  the  writer  at  the  Naval  Aircraft  Radio  Laboratory  with 
very  long  wave  direction  finders.  There  are  times,  especially 
around  sunset,  when  the  signal  may  appear  to  come  from  a  di- 
rection man}'  degrees  different  from  the  true  bearing  of  the 
station.  Signals  have  been  obtained  from  New  Brunswick, 
distant  less  than  200  miles  (320  km.),  which  showed  a  variation 
around  sunset  of  68°  in  fourteen  minutes,  returning  to  normal 
bearing  after  sunset,  rather  large  deviations  persisting,  however, 
thruout  the  evening.  This  matter  will  be  reported  in  the  "Bul- 
letin of  the  Bureau  of  Standards,"  and  is  fully  explainable  on 
the  basis  of  the  refraction  and  reflection  theory.  Evidentlj^ 
on  very  long  waves  coming  from  great  distances  there  will  be 
times  when  the  resultant  wave  front  really  comes  from  a  very 
different  direction  than  the  geographical  bearing  of  the  station. 
It  may  be  confidently  asserted,  however,  that  the  directivitj'  of 
the  ground  wires  is  of  the  same  nature  as  that  of  closed  loops, 
and  that  either  one  of  them  will  show  peculiar  directive  prop- 
erties on  very  long  waves.  As  long  as  the  ground  wire  and  the 
rectangle  are  arranged  to  have  the  same  line  of  directivity,  the 
balanced  system  works  satisfactorily. 

9.  Balanced  System  Where  Sea  Wires  Are  Not  Available 
In  this  ease  the  balanced  system  will  not  handle  the  strays 
well  unless  the  ground  wire  is  laid  in  moist  ground  so  that  it  has 
a  better  stray  ratio  than  the  opposing  collector.  The  opposing 
collector  should  be  a  rectangle,  but  might  be  a  ground  wire 
laid  in  dry  soil,  if  such  is  available.  The  focussing  property  of 
the  sj'stem  might,  however,  be  extremely  valuable  of  itself, 
irrespective  of  the  question  of  stray  elimination.  Results  ob- 
tained at  Tuckerton  with  the  balanced  system  showed  very 
favorable  results  on  both  points,  altho  the  elimination  of  strays 
was  not  as  good  as  that  obtained  at  Belmar.  When  the  set 
itself,  which  was  placed  1,800  feet  (549  m.)  from  the  base  of  the 
Tuckerton  tower,  was  shielded  from  direct  influence  of  Tucker- 
ton's  radiation,  remarkably  excellent  results  in  the  way  of  elim- 
inating interference  from  Tuckerton,  wore  obtained.     The  ex- 


periments  were  never  completed,  owing  to  the  fact  that  the 
writer  was  detached  as  trans-Atlantic  Communication  Officer, 
while  the  Tuckerton  experiments  were  only  just  begun.  The 
essential  feature  of  the  balanced  system  seemed  to  be  two  col- 
lectors which  have  fundamentally  different  ratios  of  signals  to 
strays.  The  writer  believes  that  it  may  be  possible  to  construct 
a  collector  which  will  imitate  the  properties  of  sea  wires  and 
permit  the  balanced  sj'stem  to  be  installed  almost  anywhere. 
The  experiments  with  lead-covered  cable,  while  by  no  means 
successful  in  this  regard,  showed,  however,  very  definite  progress 
in  the  right  direction.  The  balanced  system  herein  outlined 
has  the  disadvantage  of  requiring  special  properties  for  one  of 
the  collectors,  which  so  far  have  only  been  obtainable  with  sea 
wires  and  with  wires  laid  in  moist  soil.  It  has  the  advantage, 
compared  with  some  other  systems,  of  requiring  a  comparatively 
small  extent  of  territory  for  its  installation,  the  total  distance 
from  the  rear  of  one  of  the  receiving  rectangles  to  the  outer  end 
of  the  farthest  sea  wire  at  Belmar  being  1,800  feet  (549  m.). 
Trans-Atlantic  work  can  be  very  satisfactorih'  carried  on  with 
a  total  distance  from  one  end  of  the  system  to  the  other  of  1,400 
feet  (427  m.) 

Summary 

1.  Ground  wires  show  positive  indication  of  optimum  length 
only  in  the  case  of  the  lead-covered  cable  lying  on  the  surface. 
It  is  highly  probable  that  an  optimum  length  also  exists  where 
the  wires  are  laid  in  dry  soil.  There  is  a  decided  possibility  of 
optimum  length  existing  for  wires  in  fresh  water,  but  wires  in 
salt  water  show  no  indications  whatever  of  optimum  length. 

2.  The  optimum  length,  in  any  event,  is  much  less  sharply 
marked  for  long  waves  than  for  short  ones. 

3.  Multiplex  reception  is  possible  on  the  same  ground  wire, 
water  wire,  or  surface  cable,  it  being  possible  to  receive  any  num- 
ber of  long  wave  stations  on  different  wave  lengths  simultaneously 
as  long  as  the  local  oscillations  arc  so  adjusted  that  the  sets  do 
not  heterodyne  against  each  other  within  the  range  of  audibility. 

4.  Wires  laid  in  fresh  water  or  in  dry  ground  sliow  the 
same  ratio  of  signal  to  stray  as  a  large  rectangle.  Lead-covered 
cable  shows  a  better  ratio  of  signal  to  stray  than  the  rectangle, 
but  the  difference  is  not  veiy  great.  The  best  ratio  of  signal  to 
stray  is  obtained  with  wires  laid  in  salt  water;  the  next  best  i-atio 
with  wires  laid  in  wet  earth. 

5.  Wires  in  the  earth  have  been  laid  as  deep  as  seven  feet 


(2.1  m.)  in  dry  ground  without  showing  any  diminution  in  signal 
strength,  in  fact  the  signal  strength  was  greater  than  for  wires 
buried  two  feet  (62  cm.)  deep.  Wires  may  be  laid  in  fresh  water 
up  to  sixty  feet  (18.3  m.)  and  still  receive  excellent  signals,  but 
in  salt  water  the  signals  fall  off  rapidly  with  the  depth,  satis- 
factory signals  for  trans-Atlantic  work  not  being  received  below 
four  feet  (1.24  m.).  From  six  to  eighteen  inches  (15.2  to  45.7 
cm.)  is  preferable  for  salt  water. 

6.  Various  experiments  looking  to  the  improvement  of  the 
receiver  in  the  matter  of  eliminating  strays  have  been  described 

7.  A  successful  method  of  more  or  less  completely  elim- 
inating strays  before  they  reach  the  secondary  of  the  receiver  has 
been  described  in  detail.  Two  types  of  balances  have  been 
utilized  in  trans-Atlantic  work  at  Belmar.  One  depends  upon 
the  dissimilar  properties  of  a  land  wire  and  a  sea  wire  and  the 
other  upon  the  dissimilar  properties  of  a  sea  wire  and  a  rectangle. 

8.  The  method  of  adjusting  the  Taylor  balance  system  has 
been  described. 

9.  The  character  of  strays  as  handled  by  the  Taylor  system 
has  been  briefly  discussed. 

10.  It  has  been  pointed  out  that  when  a  number  of  balanced 
circuits  are  operated  in  close  proximity,  the  perfection  of  balance 
is  somewhat  impaired. 

11.  The  ratio  of  improvement  in  readability  is  conserva- 
tively estimated  to  be  8.6-to-l  as  compared  to  the  rectangle, 
when  six  balanced  circuits  were  used  within  a  small  radius  at 
the  same  station. 

12.  Curves  have  been  presented  showing  the  marked  im- 
provement in  receiving  conditions  at  Belmar  upon  the  advent 
of  the  balanced  circuits. 

13.  The  directivity  of  the  balanced  system  has  been  dis- 
cussed and  is  believed  to  be  essentially  the  same  as  that  of  the 
receiving  loop. 

14.  The  advantage  of  the  Taylor  system  in  requiring  a  small 
area  for  its  installation  has  been  indicated  and  its  possibilities 
outlined  for  stations  where  sea  wires  are  not  available. 

15.  The  focussing  effect  of  the  system  has  been  described 
and  its  value  in  connection  with  distant  control  work  and  the 
elimination  of  interference  has  been  pointed  out. 

SUMMARY:  The  question  of  optimum  length  of  (buried)  ground  wires  for 
reception  at  a  given  wave  length  is  discussed,  and  experimental  data  are  given. 
The  signal  strength  obtainable  on  such  wires  under  various  conditions  is 
considered. 

The  signal-to-stray  ratio  on  ground  wires  as  compared  to  that  on  loop 
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receivers  (rectangles)  is  found  to  be  more  advantageous,  particularly  under 
carefully  chosen  conditions. 

After  considering  a  number  of  methods  of  reducing  strays  which  have 
already  penetrated  into  the  receiver  circuits,  there  are  described  a  number  of 
more  effective  methods  for  reducing  strays  before  their  entrance  into  the 
receiver.  Thus  strays  can  be  balanced  out  by  using  a  sea  wire  and  a  land  wire 
as  opposing  collectors,  with  an  adjustable-phase  differential  coupling  of  some 
sort.  The  wiring  of  the  arrangetnents  used  and  the  practical  adjustment  are 
given,  together  with  some  of  the  experimental  results  obtained  therewith. 

The  distance  of  origin  of  strays  (or  interfering  signals)  can  be  adjusted 
for  in  balancing  these  out,  so  that  an  interesting  "focussing  effect"  is  obtain- 
able wherein  the  effect  of  a  stray  (or  signal)  in  the  receiver  depends  on  the 
distance  to  its  source. 

The  ratio  of  improvement  in  readability  of  signals  thru  strays  obtained  by 
the  above  arrangement  is  given  conservatively  as  8.6-to-l. 

Certain  remarkable  variations  in  directional  effect  sometimes  obtained 
are  then  discussed. 
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AN    OSCILLATION    SOURCE    FOR    RADIO    RECEIVER 
INVESTIGATIONS* 

By 
Julius  Weinberger  and  Carl  Dreher 

(Research  Department,  Marconi  Wireless  Telegraph  Company  of 

America) 

L  Introduction 

The  purpose  of  this  paper  is  to  describe  a  source  of  sustained 
oscillations  for  use  in  connection  with  radio  receiver  investiga- 
tions, which  has  been  found  practical  in  the  Research  Depart- 
ment laboratories.  A  source  was  required  that  would  reproduce 
the  effects  occurring  in  the  reception  of  electric  waves  on  an 
antenna,  and  which  would  also  produce  a  minimum  amount  of 
mutual  interference  where  several  investigations  were  being 
carried  on  in  the  same  room,  along  similar  lines.  The  oscillating 
audion  has  been  extensively  used  as  such  a  source,  as  described 
by  Austin^  and  Armstrong, ^  but  the  methods  of  these  authors 
have  some  disadvantages  when  applied  to  our  particular  case. 
Firstly,  the  usual  audion  source  gives  rise  to  rather  widespread  elec- 
tric and  magnetic  stray  fields,  even  when  the  bulb  is  of  the  smallest 
available  type  (a  receiving  tube)  and  a  minimum  amount  of  power 
output  is  used,  so  that  serious  interference  results  when  several 
investigations  are  being  carried  on  in  the  same  room  on  the  same 
range  of  wave  lengths.  Secondly,  in  order  to  measure  the  energy 
input  to  the  receiver,  crystal  detectors  and  galvanometers  were 
used  to  indicate  the  received  current;  these  require  laborious 
calibration  against  a  thermo-couple,  which  must  be  repeated 
if  the  crystal  should  get  out  of  adjustment,  and  furthermore, 
the  lower  limit  of  current  which  can  he  thus  measured  is  of  con- 
siderably greater  magnitude  than  that  obtainable  in  long  dis- 
tance (e.  g.  trans-oceanic)  reception.  In  the  source  which  we 
shall  describe,  both  of  these  difficulties  have  been  avoided;  by 
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suitable  construction  stray  fields  have  been  greatly  reduced, 
and,  instead  of  measuring  the  current  in  the  dummy  receiving 
antenna,  an  emf.  of  known  amplitude  is  introduced.  This  is 
exactly  what  happens  when  the  set  is  used  under  operating  con- 
ditions; assuming  that  there  is  practically  no  reaction  of  the 
current  flowing  in  the  receiving  antenna  upon  the  passing  electro- 
magnetic field.  This  is  probably  the  case  with  the  usual  heavily 
loaded,  high  resistance  receiving  antenna  circuit,  the  induced 
emf.  being  proportional  only  to  the  field  strength  and  to  the 
height  of  the  antenna.  The  use  of  a  known  emf.  instead  of  a 
known  current  has  the  advantage  that  one  maj^  obtain  as  small 
a  known  emf.  as  desired,  by  mutual  inductance  methods; 
the  known  current  method,  however,  is  limited  by  the  sensitive- 
ness of  the  detector-galvanometer  system  (which  permits  of  a 
minimum  current  of  only  about  6  microamperes  being  meas- 
ured, according  to  some  recent  results  of  Dr.  Austin). 

The  main  source  of  trouble,  however,  which  we  had  to  elim- 
inate, was  the  stray  field  produced  bj^  the  usual  oscillation 
source.  A  circuit  assembled  out  of  ordinary  types  of  coils  and 
condensers,  connected  to  a  receiving  audion  so  as  to  produce 
oscillations,  gave  rise  to  so  strong  a  stray  field  that  it  was  im- 
possible for  two  investigations  on  the  same  range  of  wave  lengths 
to  be  carried  on  within  twenty  feet  of  each  other,  without  mutual 
interference  from  the  oscillation  sources.  A  number  of  experi- 
ments were  therefore  first  made  to  determine  the  origin  of  the 
vaiious  fields  surrounding  the  source. 

2.  Preliminary  Experiments 
The  circuit  used  for  the  production  of  oscillations  is  shown 
in  Figure  1.  Here,  L  is  a  single  coil,  with  a  double  tap  brought 
out  from  its  mid-point  and  connected  to  the  plate  battery  of 
the  tube,  C  is  a  variable  condenser  of  about  0.00 1  microfarads 
maximum  capacity,  and  the  vacuum  tul)e  is  electrically  ecjuiva- 
lent  to  one  of  the  usual  small  receiving  types.  Now,  in  this 
circuit  each  element — coil,  condenser,  and  tube — gives  rise  to  a 
stray  electric  field,  and  the  coil  also  to  a  magnetic  field.  When 
oscillations  are  produced  in  this  circuit,  the  point  to  which  the 
filament  is  connected  generally  remains  at  a  constant,  or  earth 
potential — probably  because  of  the  high  cai)acity  between  the 
storage  batteries  which  light  the  filament  and  earth — and  the 
plate  and  grid  t(Mininals  of  the  loop  LC  oscillate  at  high,  radio 
frequency  potentials;  thus  any  metallic  bodies  connected  to  the 
latter  points  fsuch  as  the  i)lates  of  the  variable  condenser)  give 
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rise  to  stray  electric  fields,  and  these  cause  extremel}'  powerful 
signals  in  a  receiving  set  when  the  source  is  within  several  feet 
of  it. 


Figure  1 


In  order  to  study  the  exact  manner  in  which  the  induction 
between  the  source  and  receiver  took  place,  an  elementary 
receiving  set  of  the  oscillating  audion  type  was  mounted  on  a 
board  so  that  it  could  be  moved  about  readilj^  by  the  observer. 
A  wiring  diagram  thereof  is  shown  in  Figure  2.  The  bulb  was 
equivalent  to  the  usual  receiving  type,  Li  and  L2  were  single 
la3'er  solenoids  about  4  inches  (10  cm.)  in  diameter  having  an 
inductance  of  400  microhenry's  each,  Ci  a  condenser  of  0.0007 
microfaiads  maximum  capacity,  €•>  was  0.005  microfarads,  Cz 
was  0.001  microfarads  and  R  about  .500,000  ohms.  Bi  was  a 
battery  of  20  volts  and  T  a  pair  of  Baldwin  receivers.     All  the 


apparatus  was  fastened  to  a  board  except  coil  L-i,  which  Avas 
connected  by  a  long  pair  of  twisted  leads  to  the  rest  of  the  receiv- 
ing set  so  that  it  could  be  used  as  a  search  coil.  The  board 
containing  the  apparatus  was  usually  placed  at  a  sufficient  dis- 
tance from  the  source  so  that  it  was  out  of  range  of  the  effects 
of  the  fields  therefrom,  the  search  coil  being  used  to  pick  up 
signals.  When  desired,  the  observer  could  handle  the  coil  with 
a  long  wooden  pole  so  as  to  eliminate  effects  due  to  electric 
fields  picked  up  by  his  body. 

The  oscillator  was  set  up  as  shown  in  Figure  1,  the  apparatus 
being  the  following:  L,  two  single  layer  solenoids  each  about 
4  inches  (10  cm.)  in  diameter  and  each  having  an  inductance  of 
about  170  microheniys,  placed  close  together;  C,  a  variable  air 
condenser,  of  0.0015  microfarads  maximum  capacity.  A  re- 
ceiving tube  was  used,  and  the  plate  battery  was  50  volts. 

The  search  coil  gave  us  a  convenient  means  of  distinguishing 
the  kinds  of  fields  around  the  oscillator,  depending  upon  the 
following  principle:  If  the  coil  is  placed  in  a  field  which  is 
purely  magnetic,  then  a  definite  maximum  and  minimmn  signal 
is  heard  as  the  coil  is  revolved  about  its  vertical  axis,  the  maxi- 
mum and  minimum  being  90  degrees  apart.  If  the  coil  is  placed 
in  a  field  which  is  purely  electric,  then  the  signals  remain  of  the 
same  intensity  all  around,  as  the  coil  is  revolved;  inasmuch  as 
the  coil  acts  as  a  metal  body  upon  which  charges  are  induced. 
If  both  fields  are  present,  then,  as  the  coil  is  revolved,  it  is  found 
that  the  maximum  signal  is  not  equally  loud  at  two  points  180 
degrees  apart.  That  is,  if  a  maximum  is  obtained,  and  the  coil 
then  reversed,  end  for  end,  there  is  a  distinct  difference  in  loud- 
ness. This  is  because  the  emf.  induced  in  the  coil  by  the  electric 
field  has  the  same  direction  regardless  of  the  reversal  of  the  coil; 
but  the  emf.  induced  by  the  magnetic  field  is  rcvei'sed  relative 
to  that  induced  l)y  the  electric  field,  when  the  coil  is  i-eversed. 
In  other  words,  in  one  position  of  the  coil  the  effects  due  to  the 
two  fields  add,  and  in  the  other  position  they  o])pose.  This 
phenomenon  gives  us  a  useful  method  of  estimating  the  relative 
intensity  of  the  two  kinds  of  fields;  we  employed  it  to  tell  when 
we  had  only  a  magnetic  field  to  deal  with,  or  wlicn  both  (^Icctric 
and  magnetic  fields  were  present. 

(a)  Shielding: 

With  the  oscillator  operating  at  a  wave  length  of  al)out 
1,700  meters,  it  was  found  that  just  audible  signals  were  obtain- 
able within  a  radius  of  al)out   15  feet   (4.6  met(>rs);  the  signals 


were  due  to  an  electric  field  entirely.  The  entire  oscillation 
source  (including  filament  and  plate  batteries)  was  next  placed 
in  a  copper  covered  wooden  box;  the  latter  had  its  cover  and  one 
side  on  hinges,  so  as  to  permit  access  to  the  apparatus,  and 
copper  covering  was  also  placed  around  the  edges  of  these  parts. 
If  the  box  was  closed  completely,  a  fairly  perfect  copper  shield 
was  obtained  around  the  oscillator,  except  for  small  openings 
where  the  junction  between  the  shields  on  the  hinged  doors 
and  on  the  sides  of  the  box  was  not  quite  perfect  (due  to  unavoid- 
able kinks  in  the  copper  sheet).  The  importance  of  not  having 
any  such  imperfections  in  the  shield  was  not  appreciated  until 
later.  The  shield  was  always  connected  to  one  terminal  of  the 
filament  battery. 

With  the  box  closed,  just  audible  signals,  due  mainly  to  a 
magnetic  field,  were  found  about  five  feet  (1.5  meters)  from  the 
shield.  By  moving  the  search  coil  about,  it  was  found  that  the 
field  was  especially  strong  along  the  little  openings  between  the 
doors  and  sides  of  the  box,  and  that  the  field  was  predominantly 
electric.  These  openings  were  not  very  large — varying  from 
a  fraction  of  a  mm.  to  2  mm.  Undoubtedly,  lines  of  electric 
force  issued  from  these  cracks.  Along  the  sides  of  the  box, 
only  a  moderate  magnetic  field  was  found  (due  to  the  oscillator 
coils);  it  may  be  noted  that  the  thickness  of  the  copper  sheet 
was  about  12  mils  (0.305  mm.),  and  at  this  wave  length,  the 
magnetic  field  passed  thru  very  well.  When  the  doors  of  the 
box  were  opened  wide,  signals  were  audible  at  the  same  distance 
as  when  the  oscillator  was  out  in  the  open,  and  were  clue  to  the 
electric  field  of  the  oscillator. 

Another  more  perfect  shield  was  constructed,  consisting  of 
a  brass  cylinder,  with  top  and  bottom  plates  of  close-fitting 
heavy  brass  sheet.  With  this,  it  was  found  that  the  electric 
field  was  perfectly  shielded  off,  only  the  magnetic  field  remaining, 
as  before.  Apparently  the  problem  of  shielding  a  radio  fre- 
quency electric  field  is  easily  solved  by  the  use  of  a  perfectly 
closed  screen. 

In  attempts  to  reduce  the  stray  magnetic  field,  the  coils  of  the 
oscillator  were  first  surrounded  by  close-fitting  iron  boxes;  the 
output  of  the  oscillator,  however,  was  found  to  be  decreased  so 
considerably  by  this  measure,  that  no  definite  conclusions  could 
be  drawn  as  to  whether  the  diminished  external  magnetic  field 
was  due  to  magnetic  shielding  or  to  the  diminished  output. 
Hence,  the  entire  oscillator,  in  its  brass  case,  was  placed  inside 
of  a  large  galvanized  iron  can,  and  a  galvanized  iron  cover  placed 
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over  it.  The  magnetic  field  came  thru  just  as  before.  It  may 
be  conckided  that  galvanized  iron  does  not  act  as  a  magnetic 
shield  for  weak  radio  frequency  fields,  either  because  skin  effect 
causes  eddy  currents  to  flow  in  the  galvanizing  and  the  field  is 
affected  onl}^  by  these  eddy  currents,  or  because  of  the  low  per- 
meability of  the  iron  for  these  fields.  The  latter  is  most  probably 
the  case,  for,  in  connection  with  other  work,  we  have  noted  that 
iron  is  a  very  poor  shielding  material  for  weak  radio  frequency 
magnetic  or  electric  fields. 

Another  expedient  for  reducing  the  intensity  of  the  magnetic 
field  was  the  use  of  oscillator  coils  of  small  size  and  of  the  square 
or  maxwellian  cross-section  type;  with  these,  the  magnetic 
field  falls  off  in  intensity  very  rapidly  with  the  distance  from 
the  coil.  Toroidal  coils  were  also  thought  of,  since  these  are 
generally  supposed  to  have  no  external  magnetic  field. 

(b)  Multilayer  Coils: 

Two  compact  coils  were  built,  each  wound  on  a  wooden  form 
of  the  size  shown  in  Figure  3.  Each  coil  consisted  of  80  turns 
of  7  X  7  X  number  38  litzendraht  (diameter  of  number  38  wire  = 
0.101  mm.),  wound  in  five  layers  of  16  turns  each.     The  induc- 
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tance  of  each  coil  was  260  microhenrys.  These  coils  were 
substituted  for  the  single  layer  coils  in  the  oscillator  circuit, 
and  the  oscillating  current  was  found  to  be  about  the  same  as 
before. 

With  the  oscillator  enclosed  in  its  bra.ss  shield,  just  audible 
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signals  were  obtained  at  a  distance  of  less  than  a  foot  (30  cm.) 
from  the  shield;  the  effect,  as  determined  by  the  search  coil  was 
due  only  to  the  magnetic  field  of  the  oscillator  coils,  the  electric 
field  being  as  usual  completely  shielded. 

(c)  Toroidal  Coil 

A  toroidal  coil  was  wound  on  a  wooden  form  of  the  dimensions 
indicated  in  Figure  4.  It  had  187  turns  of  7X7Xnumber  38 
litzendraht,  with  a  double  tap  at  the  mid-point.  From  the  first 
turn  to  the  mid-point  constituted  one  coil,  and  from  the  mid- 
point to  the  last  turn  constituted  a  second  coil.  The  inductance 
of  both  coils  in  series  was  200  microhenrys.  This  coil  was  used 
in  place  of  the  multi-layer  coils,  and  the  radio  frequency  oscil- 
lating current  found  to  be  approximately  the  same  as  before. 


Figure  4 


When  the  brass  shield  was  closed,  and  the  field  investigated, 
much  stronger  signals  were  obtained  than  with  the  multi-layer 
coils.  Rotating  the  search  coil  did  not  reveal  any  directional 
effects,  the  signals  remaining  of  the  same  intensitj^  as  the  coil 
was  rotated.  Such  an  effect  could  onl}^  be  caused  by  an  electric 
field. 

However,  we  had  alread}'  found  that  the  shield  screened 
off  the  electric  field  perfectly.  We  examined  the  field  again, 
with  the  multi-layer  and  single  layer-coils  substituted  for 
the  toroidal  coil  and  found  no  traces  of  an  electric  field — only 
of  a  magnetic  field.  Evidently  the  shield  was  still  effective  in 
cutting  down  the  electric  field. 

Zenneck^  describes  a  certain  characteristic  of  toroidal  coils 


3 J.  Zenneck,  "Elektromagnetische  Schwingungen  und    Drahtk)8e  Tele- 
graphic," pages  .53,  .54. 


which  probal)ly  accounts  for  the  pecuHar  results  obtained  above. 
As  long  as  the  current  in  the  coil  is  constant,  a  magnetic  field 
is  present  only  within  the  coil;  that  is,  for  direct  currents  the 
toroidal  coil  has  no  external  magnetic  field.  As  soon  as  the 
current  varies,  this  internal  magnetic  field  also  varies,  and  ac- 
cording to  Maxwell's  theory,  an  electric  field  is  induced,  with 
lines  of  force  orthogonal  to  the  original  magnetic  lines  of  force 
thru  the  coil,  and  terminating  on  the  shield.  The  displacement 
currents  flowing  to  the  shield  set  up  a  second  magnetic  field, 
which  gets  thru  the  shield.  The  search  coil,  however,  cannot 
be  affected  by  this  magnetic  field  (which  is  of  the  same  shape 
as  that  within  the  toroid),  because  the  search  coil  would  have 
to  be  linked  with  the  toroid  windings  in  order  to  have  the 
magnetic  lines  induce  voltages  in  it.  This  varying  magnetic 
field  in  turn  induces  in  the  ether  another  electric  field,  and  that 
part  of  the  magnetic  field  which  exists  outside  the  shield  of  course 
gives  rise  to  an  electric  field  in  this  region.  It  is  this  secondary 
electric  field  which  affects  the  search  coil  in  the  observed  manner. 
We  conclude,  therefore,  that  the  most  effective  arrangement 
of  the  source  can  be  obtained  by  the  use  of  compact,  multi- 
layer coils  of  restricted  magnetic  field,  with  copper  or  brass 
shields  surrounding  those  parts  of  the  circuit  which  give  rise 
to  electric  fields,  the  shield  being  connected  to  one  terminal 
of  the  filament  battery, 

(d)  Effects  of  Bringing  Leads  out  Thru  the  Shield 

It  will  nearly  always  be  necessary  to  bi-ing  leads  out  from 
points  in  the  oscillating  circuit,  thru  the  shield;  for  example,  it 
is  inconvenient  to  keep  the  filament  and  plate  batteries  inside 
the  shield,  and  it  will  also  be  necessar.y  to  bring  out  loads  for 
coupling  the  oscillator  to  the  receiver. 

The  filament  and  plate  batteries  were  therefore^  located  out- 
side of  the  shield,  connected  by  twisted  leads,  and  the  field  was 
not  found  to  be  altered  appreciably.  It  will  be  noted  that  the 
negative  terminal  of  the  plate  battery  is  connected  directly  to 
the  filament.  If  the  plate  battery  were  connected  at  any  other 
point  in  the  circuit,  it  would  give  rise  to  a  strong  stray  electric 
field  in  case  it  were  located  outside  the  shield. 

Next,  a  pair  of  twisted  leads  was  brought  out  from  point  B, 
as  shown  in  figure  5.  Signals  were  immediately  audible  at  a 
distance  of  5  feet  (1.5  meters)  from  these  leads.  Evidently  a 
strong  electric  field  was  produced.  But  when  the  leads  were 
brought  out  at  i)oint  .4,  instead  of  B,  the  search  coil  had  to  be 
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brought  very  close  to  them  in  order  to  hear  anything,  and  a 
purely  magnetic  field  was  found.  This  residual  magnetic  field 
produced  by  a  twisted  pair  of  wires  was  undoubtedly  due  to  in- 
complete opposition  of  the  magnetic  fields  of  the  individual 
wires.     In  this  connection  it  may  be  noted  that  when  a  small 


Figure  5 


loop  of  perhaps  one  cm.  in  diameter  was  made  by  opening  out 
the  twisted  pair,  the  increase  in  strength  of  the  magnetic  field 
of  the  wires  was  quite  marked. 

In  may  be  concluded,  therefore,  that  thoroly  twisted  leads 
may  be  brought  out  from  a  point  in  the  oscillating  circuit  which 
is  at  constant  (or  ground)  potential  without  materially  increas- 
ing the  existing  external  field.  Such  a  point  may  be  that  imme- 
diately next  to  the  filament,  or,  if  the  plate  battery  has  its  nega- 
tive terminal  connected  to  the  filament  battery,  from  the  posi- 
tive end  of  the  plate  battery.  No  leads  should  be  brought  out 
of  the  shield  from  other  points  in  the  circuit,  or  disturbing  electric 
fields  wall  be  produced. 


3.  Description  of  Oscillation  Source 
Bearing  in  mind  the  conclusions  from  our  preliminar}'  experi- 
ments, the  source  described  below  was  built.  It  is  intended 
to  give  signals  ranging  from  unit  audibility  to  several  thousand 
times  audibility  in  a  normal  vacuum  tube  receiving  set,  over  a 
wave  length  range  from  about  6,000  to  14,000  meters.  It  will 
be  noticed  that  electric  fields  from  the  variable  condenser,  bulb 
and  oscillating  circuit  inductance  are  shielded  off;  and  that  the 
energy  from  the  oscillator  enters  the  receiving  set  at  only  one 
point  in  the  circuit  of  the  latter,  being  controllable  in  amplitude 


thru  purely  magnetic  coupling.  The  influence  of  stray  mag- 
netic fields  from  the  oscillator  is  negligibly  small  compared  to 
that  which  comes  in  thru  the  path  desired. 

The  wiring  of  the  oscillator  is  shown  in  Figure  6,  and  photo- 
graphs of  it  in  Figures  7  and  8.     Referring  to  Figure  6,  the 
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condenser  C  was  of  about  0.0007  /J^f.  capacity  at  its  maximum, 
coils  Li  and  L2  were  portions  of  a  single  coil  having  a  double  tap 
brought  out  at  one  point  of  the  winding,'*  B  was  the  plate  battery 
which  might  be  varied  from  20  to  80  volts  in  order  to  var}^  the 
output,  R  was  a  resistance  of  12,000  ohms  (a  Ward  Leonard 
resistance  unit  was  used),  and  the  coupler  was  one  having  coils 
of  about  40  microhenrys  each,  with  a  maximum  mutual  induc- 
tance of  about  the  same  value.  The  purpose  of  the  particular 
arrangement  adopted  for  sending  signals  necessitates  explana- 
tion. It  will  be  noticed  that  the  resistance  R,  of  12,000  ohms, 
is  inserted  in  the  grid  side  of  the  oscillating  circuit,  and  is  shunted 
by  the  primary  of  the  coupler  in  series  with  the  binding  posts 
marked  "Key."  (These  may  have  a  sending  key  or  automatic 
transmitting  arrangement  connected  to  them,  outside  the  oscil- 
lation source.)  When  the  key  is  open,  the  resistance  R  effec- 
tually prevents  oscillations  from  occurring;  when  closed,  the 
resistance  is  short  circuited  by  the  primary  of  the  coupler,  and 
oscillations  occur  thru  it.  This  particular  system  was  found 
to  be  the  only  one  which  gave  clear  signals  when  reception  was 

■"This  coil  was  especially  made  to  be  as  compact  as  possible.  It  consisted 
of  1,200  turns  of  number  28  S.S.C.  wire  (diameter  of  number  2S  wire  =  0.32  mm. ) 
with  the  t:ip-5  brought  out  at  300  turns,  wound  so  as  to  have  an  inside  diam- 
eter of  1.4  inches  (3.56  cm.),  an  outside  diameter  of  2.(5  inches  ((5.0  cm.)  and  a 
width  of  0.()  inch  (1.52  cm.).  The  total  inductance  was  about  73  miliilienrj^s, 
Li  being  14  and  L^  5.3  millihenry.s,  respectively. 
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carried  on  by  the  heterodyne  method;  we  had  previously  tried 
inserting  the  key  in  the  plate  battery  leads  and  in  other  parts 
of  the  oscillation  circuit,  but  the  received  signals  always  had  a 
little  variation  in  tone  as  the  key  was  pressed  or  released.  That 
is,  as  the  oscillations  were  started  and  stopped,  a  slight  variation 
in  frequency  to  and  from  the  normal  oscillation  frequency 
occurred,  giving  peculiar  signals  which  were  not  clean-cut  like 
the  signals  received  from  a  radio  frecjuency  alternator  or  arc. 
It  was  found  desirable  not  to  interrupt  the  oscillation  circuit 
completely,  in  sending,  and  the  12,000-ohm  resistance  cut  into 
or  out  of  circuit  gave  best  results.  In  this  connection,  it  may 
also  be  mentioned  that  good  contact  is  very  important  in  send- 
ing, with  these  small  oscillating  currents;  the  ordinary  sending 
key  when  firmly  operated  in  the  manner  customary  with  good 
operators,  gave  satisfactory  signals.  However,  when  an  omni- 
graph  was  substituted  for  the  key,  so  as  to  provide  automatic 
transmission,  the  contacts  were  found  to  be  insufficiently  firm; 
hence,  a  telegraph  relay  (Western  Union  Company's  type  3C 
signal  relay)  was  used  instead,  which  was  itself  operated  by  the 
omnigraph.  The  large  contact  points  and  firm  pressure  on  the 
relay  armature  gave  clean-cut  signals;  it  was  found  desirable 
to  connect  the  iron  case  of  the  relay  magnet  to  the  negative  end 
of  the  filament  to  eliminate  electrostatic  induction  from  the 
interrupted  direct  current  traversing  the  winding  of  the  relay. 
Even  this  is  not  wholly  satisfactory,  however,  and  the  best 
method  of  getting  rid  of  clicks  in  the  receiver  from  the  relay 
direct  current  would  undoubtedly  call  for  thoro  iron  and  copper 
shields  completely  around  the  magnets.  We  prefer  to  carry 
on  tests  with  one  man  sending  unknown  material  on  a  hand 
key,  which  has  the  double  advantage  of  absence  of  direct  current 
clicks  and  the  reception  by  the  other  man  of  material  unknown 
to  him  (one  very  soon  becomes  familiar  with  the  material  on 
some  automatic  transmitters). 

Figure  7  shows  the  assembly  of  parts;  individual  units  of 
commercial  apparatus  were  merely  assembled  on  a  board.  At 
the  left,  rear,  is  a  filament  ammeter,  which  is  extremely  neces- 
sary since  the  power  output  and  frequencj^  calibrations  of  the 
oscillator  are  correct  only  at  one  particular  filament  current; 
on  the  back  of  the  ammeter  is  fastened  a  filament  rheostat.  At 
the  right  of  the  ammeter  is  the  resistance  unit  R  (shown  better 
in  the  next  figure);  in  front  of  it  the  variable  condenser.  The 
box-like  affair  in  the  middle  is  a  wooden  case  covered  with 
copper  sheet,  serving  as  a  shield  over  the  bulb  and  oscillating 


Fkjure  7 

circuit  iiuluctaiice;  in  Figure  8  the  latter  elements  are  «lio\vn 
with  the  cover  removed,  resting  on  a  copper  plate  over  which 
the  copper-covered  box  fits  tightly  (the  copper  on  the  box  being 
brought  around  under  its  lower  edges  so  as  to  make  contact  with 
the  copper  base  plate).  At  the  extreme  right  is  the  coupler 
between  oscillator  and  receiving  set.  The  oscillation  circuit 
is  connected  to  the  rotating  coil  of  the  coupler,  the  receiving  set 
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to  the  fixed  coil.  This  is  found  necessary,  since  the  coil  which 
connects  to  the  receiver  is  subject  to  some  magnetic  induction 
from  the  oscillation  circuit  inductance  unless  it  is  suitabh'  placed 
with  respect  to  the  latter;  by  using  the  fixed  coil  of  the  coupler 
for  the  receiver  connection  and  placing  this  so  that  its  windings 
are  at  right  angles  to  the  magnetic  field  lines  of  the  oscillation 
circuit  inductance  (which  lies  horizontally),  this  difficulty  is 
avoided.  The  exact  position  is  easily  found  by  trial;  the  leads 
from  the  oscillating  circuit  to  the  coupler  are  short-circuited, 
the  receiver  connected  by  twisted  pair  leads  3  or  4  feet  {I  meter) 
long  to  the  stationary  coupler  coil  and  the  entire  coupler 
rotated  until  no  signals  are  heard.  Then  there  is  no  magnetic 
induction  between  the  oscillating  circuit  and  receiver,  and  any 
magnetic  induction  thereafter  will  be  due  to  the  field  from  the 
moving  coil  of  the  coupler  (which  is  in  the  oscillating  circuit). 
Usually  we  have  found  that  the  proper  location  of  the  coupler 
is  as  shown  in  the  photographs. 

The  variable  condenser  we  used  had  a  metal  case  (brass  or 
aluminum),  but  had  its  plates  suspended  from  an  insulating  top; 
we  found  that  it  was  necessary  to  complete  the  shield  by  putting 
a  copper  plate  underneath  this  top,  with  a  small  hole  cut  where 
the  shaft  of  the  moving  plates  came  thru.  The  metal  scale 
was  insulated  from  the  moving  plates,  and  we  found  that  a  con- 
siderable electric  field  leaked  out  thru  the  hole  where  the  shaft 
came  thru  unless  this  scale  was  grounded  to  the  rest  of  the  con- 
denser shield  (it  will  be  noted  from  the  wiring  diagram  of  the 
set  that  neither  set  of  plates  ma}-  be  grounded);  hence  a  small 
phosphor  bronze  brush  was  arranged  to  bear  against  the  moving 
scale  and  connect  it  to  the  shield.  AVith  these  precautions  no 
appreciable  electric  field  was  found  to  emanate  from  the  con- 
denser. The  two  leads  to  the  condenser  were  brought  out  thru 
the  shield  over  the  bulb  and  coil,  and  were  verv  short;  it  was 
not  found  necessar}^  to  shield  them,  altho  we  had  expected  that 
it  might  be  required.  All  shields  were  connected  to  the  negative 
end  of  the  filament. 

4.     Results  Obtained  with  Osctllatiox  Source 
(a)  Calibration  Data 

In  Figures  9, 10, 11,  and  12,  there  are  given  certain  data  relating 
to  the  constants  of  the  oscillator.  Figure  9  gives  the  mutual 
inductance  between  coils  of  the  coupler  for  various  settings. 
This  was  made  on  an  inductance  bridge  at  audio  frequency. 
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Figure  9 


Figure  10  is  the  wave  length  cahbration,  which  is  correct 
only  for  the  type  of  tube  employed,  operated  at  a  filament  cur- 
rent of  1.05  amperes;  for  other  tubes  and  other  filament  currents 
this  calibration  (as  well  as  the  other  calibrations  given  below) 
will  vary  slightly.  However,  when  a  given  tube  is  always 
operated  at  the  same  filament  current  and  plate  battery,  a  cali- 
bration once  made  will  remain  the  same  for  a  long  time.  We 
have  operated  a  tube  day  after  day,  at  the  same  adjustments, 
and  found  aljsolutely  no  variation  in  the  pitch  of  the  heterodyne 
signal  on  a  receiving  set  kept  at  constant  adjustment.  This 
calibration  was  made  by  receiving  signals  simultaneouslj'  from 
a  large  oscillator  which  had  previously  been  calibrated  by  a 
wave  meter  and  from  our  little  oscillation  source,  on  a  crystal 
detector  set.  The  interference  between  received  currents  due 
to  the  two  sources  gave  rise  to  a  beat  tone  in  the  receiver,  and 
when  zero  beats  were  obtained  the  small  oscillator  was  operating 
at  the  same  wave  length  as  the  large  one. 
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Figure  10 


Figure  11  shows  the  radio  frequency  current  in  the  oscillator 
circuit  (that  is,  thru  the  primary  of  the  coupler)  with  20,  40,  60, 
and  80  volts  plate  batter3^  This  was  obtained  bj'  inserting  a 
thermo-couple  and  galvanometer  arrangement  in  series  with 
the  coupler  primary  as  shown  in  Figure  13.  The  thermo-couple 
cannot  be  inserted  directly  in  the  circuit,  since  there  is  some 
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direct  current  flowing  here;  this  direct  current  partially  leaks 
thru  the  d.  c.  galvanometer  and  causes  entirely  erroneous  de- 
flections thereof.  For  example,  reversing  the  circuit  connec- 
tions to  the  thermo-couple  may  cause  different  deflections,  or 
even  reversed  deflections,  to  occur.  Thermo-couples  (even  of 
the  "heater"  type),  should  never  be  connected  directh'  in  a 
circuit  containing  both  direc^t  and  alternating  currents;  the 
arrangement  shown  in  the  figure  is,  however,  free  from  this 
objection  cited. 

It  will  be  seen  that  an  inductance  L,  of  impedance  consider- 
ably higher  than  that  of  the  thermo-couple  heater,  is  shunted 
by  a  condenser  in  series  with  the  heater.  In  our  case  L  was  1 
millihenry,  C  was  1  microfarad,  the  thermo-couple  was  one  of 
R.  W.  Paul's  vacuum  types  having  a  heater  resistance  of  0.8 
ohms,  and  the  galvanometer  was  a  Leeds  and  Northrup  suspen- 
sion galvanometer  (model  2285,  10  ohms  coil  resistance,  7  seconds 
period).  The  combination  of  thermo-couple  and  galvanometer 
alone  had  been  previously  calibrated  at  60  cycles  against  electro- 
dynamometer  instruments. 

Figure  12  shows  the  emf.  induced  in  the  stator  of  the  coupler, 
at  a  wave  length  of  12,500  meters  (this  is  the  wave  length  of  the 
station  at  Nauen,  Germany)  computed  from  the  observed  cur- 
rents, mutual  inductances,  and  frequencies. 
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These  values  are  given  for  various  plate  battery  potentials. 
To  find  the  voltages  at  wave  lengths  other  than  12,500  meters, 
this  equation  may  be  used  in  connection  with  the  curves  pre- 
viously given. 


(b)  Audibility  of  Signals  Compared  with  Mutual 
Inductance  Between  Coupler  Coils 

As  a  test  of  our  assumption  that  the  emf.  induced  in  the 
stator  of  the  coupler  was  proportional  only  to  the  mutual  in- 
ductance between  coils,  the  audibility  of  signals  received  by  the 
heterodyne  method  on  an  experimental  receiver  was  compared 
at  various  settings  of  the  coupler.  According  to  Dr.  Austin's 
results,  the  audibility  should  be  proportional  to  the  emf.  intro- 
duced into  the  receiver;  and  such  proportionality  was  indeed 
found,  the  audibility  being  proportional  to  the  mutual  induc- 
tance, within  limits  of  error  in  this  class  of  measurement.  In 
this  connection,  it  may  be  observed  that  the  customary  method 
of  measuring  audibility  in  vacuum  tube  receivers,  namely, 
putting  two  pairs  of  telephones  in  series  and  shunting  one  of 
them  with  the  audibility  meter,  gives  markedly  incorrect  re- 
sults. If  one  observer  listens  in  the  unshunted  pair  of  tele- 
phones, while  the  other  is  being  shunted,  the  signals  will  be 
found  to  vary  appreciably  as  the  shunting  resistance  is  varied. 
Obviously,  the  impedance  of  the  output  circuit  of  the  tube  is 
not  maintained  sufficiently  constant  by  the  extra  pair  of  tele- 
phones. We  found  that  to  maintain  the  signals  of  the  same 
intensity  with  or  without  a  shunt  on  the  telephone,  it  was  neces- 
sary to  add  an  inductance  of  about  10  to  15  henrys  in  addition 
to  the  customary  extra  pair  of  telephones,  in  the  plate  circuit 
of  the  tube.  Such  an  inductance  may  be  made  of  about  10,000 
turns  of  fine  copper  wire  on  a  silicon  steel  laminated  core  about 
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0.5  inch  (1.25  cm.)  in  diameter  and  about  3  inches  (7.62  cm.) 
long.  A  convenient  method  is  to  wind  the  wire  on  a  hollow 
insulating  tube,  in  which  the  core  laminations  may  be  slipped  in 
and  out  and  then,  with  the  coil  on  an  audio  frequency  inductance 
bridge,  insert  enough  laminations  to  give  the  inductance  de- 
sired. The  current  in  the  bridge  should  be  as  small  as  possible, 
so  as  to  work  the  steel  at  a  magnetizing  force  which  falls  in  the 
region  where  the  iron  permeability  is  constant;  the  ordinary 
buzzer-driven  inductance  bridge  is  quite  satisfactory  in  this 
respect. 

It  was  also  found  that  no  signals  were  obtained  at  exactly 
the  point  of  zero  mutual  inductance,  on  the  coupler  (49.5  scale 
divisions);  this  is  an  accurate  check  on  the  assumption  that 
the  induction  between  coupler  coils  was  practically  purely 
magnetic. 

(c)  Operation  of  Set 

In  using  the  apparatus,  it  is  first  placed  at  a  distance  of 
about  3  feet  (90  cm.)  from  the  receiver  under  test,  the  filament 
curient  and  plate  potential  being  set  at  the  calibration  values. 
The  coupler  is  then  set  at  the  point  of  zero  mutual  inductance, 
the  receiver  connected  by  thoroly  twisted  pair  to  the  coupler 
stator,  and  one  man  transmits  signals.  If  any  are  heard  in  the 
receiver  they  are  due  to  a  residual  stray  magnetic  field  which 
emanates  from  the  oscillating  circuit  coil  and  gets  thi'u  the  shield 
over  this  coil  (a  certain  amount  of  the  magnetic  field  is  cut  out 
by  the  shield,  due  to  eddy  currents,  but  some  comes  thru).  The 
receiver  or  oscillator  is  then  rotated  al)out  until  no  signals  are 
heard.  When  this  has  been  accomplished,  the  emf.  desired  is 
produced  by  suitable  settings  on  the  oscillator. 

One  use  for  this  equipment  might  be  the  following:  If  it 
were  desired  to  measure  the  emf.  induced  in  a  receiving  anteima 
by  a  transmitting  station,  day  after  day,  very  accurate  results 
could  be  obtained  by  having  the  secondary  of  the  cou))ler  con- 
nected in  series  with  the  receiving  antenna  (while  reception  was 
going  on),  and  having  one  man  send,  by  hand,  material  similar 
to  that  l)eing  transmitted  by  the  station;  while  the  second  man 
adjusted  the  coupler  setting  until  the  signals  were  readable 
equally.^  It  is  obvious  that  the  results  obtained  would  l)e  in<l(>- 
pendent  of  personal  equations,  of  errors  aiising  due  to  daily 
variation  in  receiver  adjustments    and    stray  intensity,   all  of 

s  This  idea  is  originally  (lue  to  Messrs.  H.  A.  Weafiaiit  aiulc;.  II.  Clark,  altho 
for  a  different  i)urposc. 
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which  enter  into  the  present  method  of  taking  only  audibility 
measurements. 

We  wish  to  express  our  indebtedness  to  Dr.  Alfred  N. 
Goldsmith  for  his  valuable  suggestions  in  connection  with  this 
work;  and  to  Messrs.  Sonkin  and  Ringel,  of  this  Laboratory,  for 
assistance  with  the  experiments  and  calculations. 

SUMMARY:  A  source  of  long-wave,  sustained  oscillations,  for  use  in  con- 
nection with  investigations  on  radio  receivers,  and  providing  standard  con- 
trollable signals  of  the  same  character  as  those  due  to  actual  radio  signals, 
is  considered.  Heretofore,  such  sources  have  had  the  disadvantages  that 
they  necessitated  the  measurement  of  small  "received  currents,"  and  also, 
that  considerable  interference  was  caused  by  stay  electric  and  magnetic  fields 
emanating  from  the  elements  composing  the  oscillation  circuit.  The  latter 
makes  it  difficult  to  carry  on  numerous  researches  in  the  same  room  on  the 
same  range  of  wave  length;  while  the  former  cannot  be  accomplished  with 
present-day  apparatus  for  the  minute  currents  occurring  in  trans -oceanic 
reception.  The  source  described  provides  an  emf.  of  known  magnitude, 
rather  than  a  current,  which  is  exactly  what  occurs  under  operating  condi- 
tions. In  order  to  devise  methods  of  reducing  the  intensity  of  stray  fields 
from  the  source,  a  number  of  preliminary  experiments  are  made  and  suitable 
methods  of  shielding  and  construction  of  oscillator  elements  are  determined. 
A  practical  source  utilizing  these  principles  is  described  and  construction  and 
calibration  data  given.  Finally,  the  use  of  this  type  of  source  in  connection 
with  transmission  measurements  on  long  distance  radio  communication  is 
proposed,  to  replace  the  ordinary  audibility  measurements. 


ON   THE   DETECTING   EFFICIENCY   OF   THE   THER- 
MIONIC DETECTOR* 

By 
H.  J.  VAN  DER  BiJL,  M.A.,  Ph.D. 

(Western  Electric  Company,  Incorporated,  New  York  City) 
1.     Introduction 

Altho  the  thermionic  detector,  also  known  as  the  audion 
detector,  is  now  used  extensively  in  the  reception  of  radio  signals, 
I  have  not  come  across  any  publication  which  describes  a  satis- 
factory method  of  determining  its  detecting  efficiencj'  in  absolute 
units.  There  has  been  no  satisfactory  way  of  expressing  what 
constitutes  a  good  detector.  In  the  early  stages  of  development 
of  a  new  device  the  lack  of  quantitative  expression  is  perhaps  not 
so  severely  felt.  But  the  thermionic  tube  or  audion  has  now 
passed  beyond  these  stages.  The  work  that  has  been  done  on 
the  device  in  this  laboratory  has  reached  a  stage  where  the  tube 
is  designed  to  have  definite  electrical  constants  depending  on  the 
purpose  for  which  it  is  supposed  to  be  used  and  which  are  de- 
termined from  equations  giving  the  relation  between  these  con- 
stants and  the  structural  parameters  of  the  tube,  such  as  the 
structure  of  the  grid,  its  position  relative  to  the  anode  and  cathode 
and  so  on.  Definite  expressions  for  efficiency  have  thus  become 
a  necessity. 

The  structural  equations  were  formulated  l)y  the  writer, 
on  the  basis  of  an  extensive  series  of  investigations,  with  a  suf- 
ficiently high  degree  of  accuracy  to  meet  practical  requirements. 

It  was,  therefore,  a  comparatively  simi)lo  matter,  when  the 
Signal  Corps  required  tubes  for  field  and  air])lane  radio  work, 
to  design  tubes  having  the  electrical  chai-acteristics  that  were 
necessitated  by  such  uses,  for  example,  low  power  consumption 
and  satisfactory  operation  over  wide  ranges  of  filament  and  plate 
battery  voltages.  And  all  that  was  necessary  was  to  strengthen 
mechanically  the  structure  of  the  tube  to  withstand  the  con- 
templated rough  handling  in  the  field  and  the  vil)rati()n  to  which 

*  Received  by  the  Editor,  April  9,  1919.  Presented  hcfor.'  Tin;  Institute 
OF  Radio  Engineers,  New  York,  May  7,  1919. 
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tubes  are  subjected  on  an  airplane  and  to  solve  the  problems 
of  quantity  production.  It  should  be  remarked  that  the  tubes 
designed  and  manufactured  before  the  war  by  the  Western 
Electric  Company  and  that  have  been  used  since  1914  as  ampli- 
fying repeaters  on  long  distance  telephone  lines,  attained  a 
higher  degree  of  precision  and  uniformity  of  operation,  than  any 
tubes  that  were  manufactured  for  war  purposes.  The  reason 
for  this  is  that  on  telephone  lines  the  tube  is  usually  inserted 
in  the  line  at  some  intermediate  place  between  the  receiving 
and  transmitting  stations,  the  repeater  stations  being  so  ar- 
ranged as  to  relay  telephonic  currents  in  both  directions.  It  was 
therefore  necessary  for  the  tubes  to  have  definite  electrical  con- 
stants to  prevent  their  insertion  in  the  line  from  causing  an  un- 
balance. Considering,  furthermore,  that  on  long  lines  several 
repeater  stations  are  used  and  that  sufficient  distortion  can  be 
produced  to  make  the  transmitted  speech  unintelligible  unless 
the  tubes  are  properly  designed  and  operated,  it  will  become 
apparent  that  tubes  to  be  used  for  relaying  telephonic  currents 
have  to  satisfy  rather  rigid  test  specifications.  In  radio 
telephony,  on  the  other  hand,  the  vacuum  tube  receiving  sets, 
containing  detector  and  amplifier  tubes,  are  designed  to  trans- 
mit current  only  in  one  direction,  and  furthermore  work  directly 
into  the  telephone  receiver.  Requirements  on  such  tubes  need 
therefore  not  demand  such  close  limits. 

In  the  case  in  which  the  tube  is  used  simply  as  a  power 
amplifier,  such  as  a  telephone  relay,  methods  of  measuring  the 
power  amplification  have  been  in  use  for  many  years.  The  most 
commonly  used  method  consists  in  making  a  transmission  test  in 
which  a  current  of  about  800  cycles  is  amplified  by  the  tube  and 
attenuated  by  an  artificial  line  of  known  attenuation  constant. 
If  the  length  of  the  line  is  adjusted  to  attenuate  the  current  as 
much  as  it  is  amplified  by  the  tube  the  degree  of  amplification 
can  be  computed  from  the  constants  of  the  line.  This  affords 
an  extremely  simple  and  rapid  determination  of  the  degree  of 
amphfication  that  a  tube  can  give.     (See  Appendix.) 

The  detecting  efficiency  can,  however,  not  be  determined  by 
such  simple  means,  because  here  it  is  necessary  to  obtain  a  rela- 
tion between  the  audio  frequency  power  in  the  output  of  the 
detector  and  the  radio  frequency  impressed  on  its  input  side. 
This  determination  is  made  difficult  by  the  necessity  of  meas- 
uring the  extremely  small  alternating  currents  involved  in  any 
attempt  to  carry  out  the  experiments  under  conditions  approach- 
ing those  met  with  in  practice.     The  currents  to  be  measured 
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ill  the  output  I'ange  from  10 ~'^  to  10 ~^  ampere.  The  use  of  hot 
wire  instruments  is,  therefore,  entirely  out  of  the  question.  To 
overcome  this  chfhculty  the  telephone  receiver  has  been  resorted 
to  as  a  measuring  instrument.  This  means  has  been  made  use 
of  in  the  so-called  ''audibility  method,"  which  is,  however,  sub- 
ject to  serious  limitations  as  will  be  shown  below.  The  unre- 
liability of  the  audibility  method  makes  it  quite  unsuitable  for 
standardization  purposes.  In  seeking  to  minimize  the  psycho- 
logical and  physiological  influences  attending  measurements 
made  by  the  audibility  method,  I  devised  the  following  method 
which  it  is  the  purpose  of  this  paper  to  describe.  This  method 
which  allows  of  relatively  easy  measurements  and  a  good  degree 
of  accuracy,  has  been  in  use  in  this  laboratory  for  two  years 
for  the  purpose  of  standardizing  detector  tubes,  and  as  a  labora- 
tory method  has  given  very  satisfactory  results.  It  can  be,  and 
has  in  this  laboratory  been  applied  in  the  study  of  detec- 
tion with  heterodyne  or  regenerative  circuits  as  well  as  in  the 
case  of  straight  detection  of  modulated  waves. 

2.  The  Principle  of  the  Method  can  be  gathered  from 
the  schematic  diagram  shown  in  Figure  1.  Modulated  high 
(radio)  frequency  oscillations  can  be  impressed  on  the  detector  at 
C.  The  input  voltages  ranged  from  a  few  hundredths  to  a  few 
tenths  of  a  volt,  and  can  be  measured  with  the  Duddell  thermo- 
galvanometer  G  and  non-inductive  resistance  r.     In  order  to 


Fuai.E  1 


measure  the  resulting  audio  frecjuency  current  in  the  telephone 
receiver  T,  which  we  shall  call  the  detecting  current,  a  generator 
U  is  used  to  produce  an  auxiliary  tone  of  the  same  frequency  as 
that  of  the  detecting  cunvnt.     Th(>  current,   i\.  fiom  (he  gen- 


erator  is  so  large  that  it  can  be  easily  measured  with  a  thermo- 
couple and  milli-ammeter  A,  and  can  be  attenuated  by  means 
of  the  shunt  *S,  to  a  sufficient  extent  to  make  the  branch  current 
i  equal  to  the  detecting  current.  The  current  i  can  be  com- 
puted in  terms  of  the  measured  current  ii  and  the  constants  of 
the  shunt  S,  and  this  gives  the  detecting  current  when  S  is  so 
adjusted  as  to  make  the  note  in  the  receiver  of  the  same  inten- 
sity for  both  positions  of  the  switch  W. 

The  shunt  S  is  of  the  type  commonly  used  in  telephone 
measurements  where  it  is  known  as  a  receiver  shunt.  It  con- 
sists simply  of  shunt  and  series  resistances  so  arranged  in  a  box 
that  when  a  telephone  receiver  of  specified  impedance  is  con- 
nected to  one  side  the  total  impedance  into  which  the  generator 
works  remains  constant  for  all  adjustments  of  the  shunt.  This 
nsures  that  the  current  ii  remains  constant  for  all  values  of  i. 

3.  Detection  Coefficient.  In  connection  with  the  study 
of  thermionic  detectors  two  of  the  main  problems  encountered 
are  (1)  the  direct  measurement  of  the  detection  coefficient,  and 
(2)  the  formulation  of  the  relationship  between  the  detection 
coefficient  and  structural  and  operating  parameters  of  the  tube 
and  circuit.  The  latter  is  of  importance  in  properly  designing 
the  tubes  while  the  former  is  important  in  that  it  furnishes  a 
means  of  measuring  and  expressing  the  degree  of  merit  of  the 
tube  used  as  a  radio  detector. 

The  relation  between  plate  current  and  applied  voltages 
can  be  expressed  b}'  ^ 

I=f(j^Ec  +  ey  (1) 

where  Eb  and  Ec  are  the  plate  and  grid  potentials  with  respect 
to  the  filament  and  e  a  constant.  The  form  of  the  function  / 
depends  upon  the  constants  of  the  tube  and  circuit.  It  is  im- 
portant to  discriminate  between  the  characteristic  of  the  tube 
itself  and  that  of  the  tube  and  circuit.  When  the  tube  is  used 
simply  as  a  power  amplifier  its  characteristic  can  be  expressed  as^ 

Eb 


I  =  a(^+Ec  +  ej,  (2) 

that  is,  in  terms  of  the  tube  constants  which  again  bear  definite 
relations  to  the  structural  parameters.  This  equation  is  a  first 
order  approximation  and  consequently  needs  modification  be- 

^H.  J.vanderBijl,  "Phys.Rev.,"  12,  page  171, 1918;  Proceedings  of  The 
Institute  of  Radio  Engineers,  volume  7,  page  97,  1919. 
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fore  it  can  be  applied  to  the  tube  when  used  as  a  radio  detector, 
because  detecting  action  depends  on  second  order  quantities, 
being  determined  by  current  rectification  in  the  grid  circuit 
when  the  tube  is  used  with  a  blocking  condenser  in  the  grid 
circuit,  and  by  the  second  derivative  of  the  plate  current  char- 
acteristic when  operated  without  the  blocking  condenser.  For 
the  present  we  shall  consider  only  the  latter  case. 

When  we  are  concerned  with  the  direct  measurement  of  the 
detection  coefficient,  it  is  not  necessary  to  formulate  the  char- 
acteristic in  terms  of  the  tube  constants,  since  it  is  always  pos- 
sible to  express  the  characteristic  of  the  tube  and  circuit  in  a 
convergent  power  series: 

J'  =  aie  +  a2e"+a3e^+     •  (3) 

where  J  is  the  varying  current  in  the  output,  e  an  alternating 
emf.  impressed  on  the  grid  circuit,  and  tti,  02  •  '  '  are  functions 
of  the  tube  and  circuit  constants.^ 

The  only  term  that  need  be  considered  as  effective  in  detect- 
ing is  the  second,  since  the  series  converges  so  rapidly  that  all 
terms  of  higher  order  than  the  second  can  be  neglected.  We 
can,  therefore,  express  the  detecting  current  i  as 

i  =  a  e-  (4) 

The  c^uantity  a  represents  what  is  referred  to  as  the  detection 
coefficient. 

4.  Relation  Between  Detection  Coefficient  and  the 
Operating  Plate  and  Grid  Voltages.  If  the  detecting  cur- 
rent, i,  be  measured  as  a  function  of  the  "effective  grid  voltage" 

h-E'c+e),  the  input  voltage  e  remaining  constant,  it  will 

^  / 

be  found  that  as  the  effective  voltage  is  increased  (by  increas- 
ing either  Eb  or  Ec)  the  detecting  current  at  first  increases, 
reaches  a  maximum,  and  then  decreases.  This  effect  has 
doubtless  been  noticed  by  most  workers  using  audion  detec- 
tors. 

If  the  parabolic  characteristic  equation  (2)  were  correct  to 
a  second  order  the  detecting  current  would  not  show  a  maximum 
but  remain  constant.  The  cause  of  this  maximum  lies  in  the 
potential  drop  in  the  filament  occasioned  by  the  filament  heat- 
ing current.     It  can  be  explained  as  follows: 

The  effect  of  the  potential  droji  in  filament  on  the  charac- 
teristic of  a  simple  thermionic  value  has  l)een  given  In'  W.  Wil- 

2  See  J.  R.  Carson,  Proceedings  of  The  Institute  of  Radio  Engineers, 
volume  7,  page  187,  1919. 
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son  of  this  laboratory^  who  finds  that  two  characteristic  equa- 
tions are  needed  according  as  the  potential  difference  T^  between 
the  plate  and  (say)  the  negative  end  of  the  filament  is  less  or 
greater  than  the  potential  drop  Ef  in  the  filament;  thus 

I=CV'-  for  V<Ef. 


(5) 
l=C\V^-{y-Ef)^  for  V>Ef.  '  ^ 

In  order  to  obtain  an  indication  as  to  where  the  maximum 

of   detecting   current   occurs,    without   making   an   attempt   to 

express  the  actual  value  of  the  maximum  quantitatively,  we  can 

apply  these   equations  to   the  three-electrode   tube  bj^  substi- 

IEb  \ 

tuting  the  effective  voltage  I \-Ec-\-^\  for  V : 

I  =  c(^~^+E,+>j  (6) 


/  =  C 


(7) 


If  the  current  is  plotted  as  a  function  of  the  effective  voltage 
according  to  equation  (6)  for  all  values  of  effective  voltage  less 
than  the  potential  drop  in  the  filament  and  according  to  (7) 
for  effective  voltages  greater  than  the  filament  drop,  the  resulting 
values  form  a  smooth  continuous  curve  closely  approximating 
a  parabola.  The  second  derivative,  however,  shows  a  distinct 
maximum  at  an  effective  voltage  equal  to  the  potential  drop  in 
the  filament.  The  effect  can  be  made  clear  if  we  consider  the 
simple  case  in  which  the  tube  works  in  a  non-reactive  output 
circuit  of  resistance  R.  In  this  case  the  detection  coefficient 
can  be  expressed  as^ 

I  fJ^'^Ro  Ro' 
""         2(R-\-RoY 

where  Ro  is  the  a,  c.  plate  resistance  of  the  tube  and  Ro'  its  first 
derivative.  Ro  and  Ro'  can  be  evaluated  from  the  characteristic 
of  the  tube  by  the  formation  of  the  derivatives 

Ro=-':~r    and    Ro' =  ^ry^  ■ 

SEb 

Eb 
This  gives,  putting \-Ec-\-^  =  Ve: 


5 Paper  read  at  the  Philadelphia  meetinjj;  of  the  American  Physical  So- 
ciety, December,  1914. 

'' J.  R.  Carson,  previous  citation. 
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a  =  C{      ^"      )  Ve 
M  +  Ho! 


-^■''sfVJ  !'■ 


iy'-E,n 


(8) 
(9) 


according  as  Ve  is  less  or  greater  than  the  potential  drop  E; 
in  the  filament.     It  will  be  seen  that  for  constant  values  of 

I  Ti.p  J  ,  that  is,   when  R  is  small    compared    with  R„,  the 

coefficient  a,  which  is  a  measure  of  the  detecting  current,  in- 
creases with  Ve  according  to  equation  (8)  and  decreases  with  T^e 
according  to  equation  (9).  The  result  is  a  curve  like  that  shown 
in   Figure  2.     The  simple  rule,   therefore,  to  obtain  the  best 


Figure  2 


results  when  using  a  tube  without  a  blocking  condenser  in  the 
grid  circuit,  is  to  make 

Eb 


+Ec-\-e=Ef 


(10) 


Thus,  supposing  that  /^  =  12,  e=— 0.5.  and  Ef  =  2.o  volts, 
and  the  tube  be  operated  without  a  grid  battery,  then  the  best 
plate  voltage  would  be  about  36  volts.  An  experimental  curve 
is  shown  in  Figure  3. 

In  determining  the  detection  coefficient  due  regai-d  must 
be  taken  of  its  deiiendence  \\\wn  the  applied  d.  c.  ])lat('  and  grid 
voltages. 

5.     Input  Signal  Wave.     When  measurements  on  the  de- 
tection coefficient  are  made  for  the  purpose  of  expressing  the 
degree  of  merit  of  detectors  it  is  necessary  to  specify  the  nature 
of  the  impressed  radio  frequency  oscillations.     The  input  volt- 
con 


age  e  may  be  characterized  as  the  root-mean-square  value  of 
an  unmodulated  radio  frequency  voltage  in  which  case  a  hetero- 
dyne local  source  of  voltage  or  a  regenerative  circuit  is  needed 
to  detect  the  oscillations;  or  it  may  be  characterized  as  the 
root-mean-square  of  a  modulated  radio  frequency  voltage,  which 
category  would  include  spark  signals. 


/ 

1-.. 

\ 

a"' 

CI 

u 

\ 

r 

20 

PLATE    voltage- 
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For  the  measurements  under  consideration,  continuous 
unmodulated  oscillations  are  unsuitable  because  the  audio  fre- 
quency response  in  the  telephone  receiver  is  determined  mainly 
by  the  strength  of  the  local  auxiliary  oscillations  which  is,  in 
general,  large  compared  with  the  strength  of  the  received  oscilla- 
tions. Spark  signals  would  be  quite  unsuitable,  since  here  the 
character  of  the  wave  cannot  be  expressed  in  definite  terms. 
The  simplest  and  most  easily  reproduced  type  of  wave  is  a  radio 
frequency  sinusoid  modulated  with  an  audio  frequency  sinusoid 
by  means  of  a  modulating  device,  such  as  the  thermionic  modu- 
lator, which  enables  the  modulation  to  be  controlled  at  will. 
This  is  the  type  of  wave  that  was  used  in  these  measurements. 

In  order  to  specify  fully  the  signal  wave  it  is  necessary  to 
discuss  briefl}^  the  process  of  modulation  as  effected  by  means 
of  the  thermionic  vacuum  tube.  If  we  impress  on  the  grid- 
filament  circuit  an  emf. 


e  =  ei  sin  pt-{-e2  sin  qt 
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(11) 


where  ^    and   -^   are  radio  and  audio  frequencies  respectively, 

then  the  current  estabhshed  in  the  plate  circuit  ("output  circuit") 
can  be  represented  by  the  convergent  power  series  (3).  In 
general  all  terms  of  higher  power  than  the  second  can  be  neg- 
lected, so  that  the  current  in  the  output  can  be  represented  by: 

J  =  (h  ifii  sin  pt-\-e2  sin  qt)-\-a2  (ei  sin  pt-\-e2  sin  pt)- 

Let  the  output  of  the  modulator  be  tuned  to  a  frequency  range 
p±g,  so  that  currents  of  these  frequencies  only  will  be  radiated. 
We  can,  therefore,  in  evaluating  the  above  expression,  drop  all 
terms  representing  frequencies  that  fall  outside  of  the  range 

o^'   ^'   and  p. 


pzLq,    such    as 


A    simple    trigonometrical 


transformation  then  gives  for  the  radiated  wave: 

A  sin  pt  il-\-B  sin  qt).  (12) 

where  A  and  B  are  constants  involving  ex  and  62  and  further- 
more depend  upon  the  constants  of  the  modulator  tube  and  cir- 
cuit. This  is  a  simple  type  of  modulated  wave  and  results  from 
the  curvature  of  the  vacuum  tube  characteristic.  Referring 
to  Figure  4  which  represents  the  plate  current,  grid  voltage 
characteristic,  if  a  radio  frequency  voltage  0  a  be  superimposed 
on  the  negative  d.  c.  grid  voltage  Ec,  the  output  current  will  be 
proportional  to  a  h.  If  Ec  be  reduced  to  EJ  or  increased  to  Ec", 
the  output  current  will  be  increased  to  a'h'  or  reduced  to  a"h" . 
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If  this  vanation  in  Er  be   cffecttMl    l)y  impressing  a  sinusoid  of 

frequency   —   on  the  grid  the  output  eurrent   will  be  given  by 

equation    (12)    whieh   represents  a  high  frequency   current   the 

amplitude  of  which  varies  according  to  the  low  frequency   --  •     If 

the  low  frequency  amplitude  is  equal  to  EcC,  the  ampli- 
tude of  the  radio  output  wave  will  be  reduced  to  zero  whenever 
the  low  frequency  input  voltage  attains  its  maximum  negative 
value.  In  this  case,  B  in  equation  (12)  is  unity  and  the  wave 
can  be  said  to  be  completely  modulated. 

It  is  very  important  in  measurements  relating  to  the  detecting 
efficiency  to  insure  that  the  input  wave  is  completely  modulated. 
The  necessity  for  this  can  easily  be  seen  from  the  following 
consideration. 

If  a  voltage  represented  by  (12)  be  impressed  on  the  input 
of  the  detector,  the  detecting  current  can  be  obtained  from: 

i  =  a[A  sin  pt  (1+B  sin  qO]'^ 

which  on  evaluating  and  dropping  all  terms  representing  inaudi- 
ble frequencies  gives  for  the  detecting  current  which  can  be 
heard  in  the  receiver: 

aA^Bsinqt — cos2qt.  (13) 

Its  root-mean-square  value  is 


The  second  term  in  the  parenthesis  represents  a  note  of  double 
the  fundamental  frequency  and  is  generally  weak  enough  to  be 
neglected,  so  that  we  may  write 

X=^J  (lo) 

V2 

The  r.m.s.  value  Y  of  the  modulated  input  represented  by 
(12)  can  be  evaluated  by  putting  p  =  n  q,  since  p  is  large  com- 
pared with  q.     This  gives 

Comparing  (16)  with  (15)  it  is  seen  that  for  a  constant  value 
of  the  input  Y,  as  measured  ])y  the  Duddell  galvanometer  G 
(Figure   1),  the  response  X  in  the  telephone  receiver  depends 


upon  B,  that  is,  upon  the  extent  to  which  the  incoming  wave 
is  modulated.  In  order  to  obviate  any  error  due  to  this  effect 
it  is  necessary  to  make  B  =  l  by  completely  modulating  the  test 
wave,  which  can  then  be  specified  by  the  expression 

A  sin  pt  (l  —  sin  qt)  (17) 

It  is  to  be  remembered  that  a  modulating  device  for  which 
the  power  series  (3)  does  not  converge  sufficiently  rapidly  to 
enable  us  to  neglect  terms  of  higher  power  than  the  second,  will 
not  produce  a  modulated  wave  as  specified  bj^  (17).  The  char- 
acteristic of  the  thermionic  vacuum  tube,  however,  converges 
so  rapidly  that  it  satisfies  (17)  within  the  limits  of  experimental 
error.  The  wave  used  in  the  experiments  described  in  this 
paper  was  a  300,000  cycle  wave  completely  modulated  by  800 
cycles  with  a  thermionic  tube  and  can  therefore  be  regarded  as 
being  characterized  by  expression  (17).  Complete  modulation 
was  secured  by  predetermining  the  negative  grid  voltage  neces- 
sary to  reduce  the  current  to  zero  for  the  plate  voltage  used  and 
then  making  the  peak  value  of  the  audio  frequency  input  voltage 

Eb 
equal  to E„  where  E,.  is  the  constant  grid  batterv  voltage. 

^^ 

6.  Function  of  the  Receiver  Shunt.  The  receiver 
shunt  furnishes  a  quick  and  simple  means  of  measuring  detect- 
ing currents.  Its  series  and  shunt  resistances  each  consist  of  a 
number  of  separate  non-inductive  resistance  units,  so  arranged 
that  definite  pairs  are  connected  in  circuit  for  each  adjustment 
of  the  shunt,  their  values  being  so  chosen  that  the  total  imped- 
ance into  .which  the  generator  U  works  remains  constant.  The 
value  of  a  constant  impedance  shunt  becomes  apparent  when 
considering  the  measurements  in  the  determination  of  the 
detecting  current  as  a  function  of  the  input  signal  strength. 

For  convenience  in  representing  the  measurements,  the 
relation  between  the  generator  current  ii,  as  measured  by  the 
ammeter  A,  and  the  detecting  current  i  can  l)e  ivpr(\sent(Hl  by 
the  well  known  equation  for  current  attenuation  by  a  line  oi- 
cable : 

'^=e«''  (18) 

i 

where  c  is  the  base  of  the  natural  logarithms,  d  is  the  kMigtli 

of  cable  of  which  a  is  the  attenuation  constant  per  unit  length. 

The  constant  a  is,  of  course,  purely  arbitrary.      In  confoi-mity 

with  practice  among  telephone  engineers  we  shall  mak(^  o.  ecpial 

to  the  attenuation  constant  of  the  so-called  "standard  numlxM- 


19  gauge  cable,"  namely,  0.109  per  mile  at  a  frequency  of  800 
cj^cles  per  second.*  This  reference  cable  has  a  capacity  of 
0.054  microfarad  and  a  resistance  of  88  ohms  per  mile  at  a  fre- 
quency of  800  cycles  per  second.  The  current  attenuation  can 
then  be  expressed  in  miles,  d,  of  the  chosen  standard  cable  of  refer- 
ence, the  receiver  shunt  being  calibrated  in  terms  of  two-mile 
steps.  Length  of  cable  forms  a  very  convenient  unit  of  meas- 
urement in  cases  where  the  telephone  receiver  is  used  as  the  meas- 
uring instrument.  This  unit  has  long  been  in  use  in  telephone 
practice  and  I  would  urge  its  general  adoption  in  measurements 

relating  to  radio  detectors.      The  fact  that  the  current  ratio  —^ 

changes  rapidly  with  the  cable  length  d  is  not  a  disadvantage  attend- 
ing the  use  of  this  unit  because  small  changes  in  current  are  not 
easily  detected  with,  a  telephone  receiver,  which,  on  the  other 
hand,  gives  sufficiently  accurate  readings  since  it  is  the  instru- 
ment used  in  practice  for  giving  us  sense  impressions  of  current. 
In  fact,  it  is  usually  sufficient  if  the  receiver  shunt  is  calibrated 
in  steps  of  two  miles  of  standard  cable.  With  a  little  practice 
such  a  calibration  allows  of  an  estimate  to  within  one  mile.  It 
is  to  be  understood  that  the  relation  between  the  length  d  of 
cable  and  the  current  ratio  depends  upon  the  chosen  value  of  a 
which  must  be  agreed  upon.  Wherever  reference  is  made  in  the 
following  to  miles  of  cable  the  value  of  a  will  be  understood  to 
be  0.109.     For  convenience  of  reference  the  relation  between  d 

and    7  for  this  reference  cable  is  given  in  Table  1. 
I 

TABLE  1 


Miles  of 

Current 

Miles  of 

Current 

Standard 

Ratio 

Standard 

Ratio 

Cable 

ii 

Cable 

ii 

d 

i 

d 

i 

5 

1.72 

50 

232 

10 

2.97 

60 

689 

15 

5.13 

70 

2.05X10^ 

20 

8.85 

80 

6.08X10^ 

30 

26.3 

90 

1.82X10^ 

40 

78 

100 

5.35X10^ 

*  1  mile  =  1.6  km. 


7.  Experimental  Results.  Since  the  detecting  current 
i  and  input  signal  voltage  e  are  connected  by 

i  =  ae^  (4) 

we  get  by  substitution  in  (18): 

d=-2Klofj,oe-\-C 
where 

C=KIog,o'^  ) 

(20) 

a 

The  detection  coefficient  a  can  now  be  obtained  in  a  simple 

way  b}^  successively  applying  different  input  voltages  e  to  the 

tube  and  every  time  adjusting  the  receiver  shunt  S  (Figure  1), 

so  as  to  make  the  note  in  the  receiver  T  of  equal  intensity  for 

both   positions   of   the   switch   W.     The   intercept   C    {loge  =  0) 

of  the  straight  line  (19)  gives  a  in  terms  of  the  known  values 

of  K  and  h: 

C 
loga^logii-—  (21) 

The  source  of  audio  frequency  which  supplied  the  auxiliar}^ 
note  was  used  also  to  modulate  the  radio  frequency'.  The  cir- 
cuit arrangement  is  showai  in  Figure  5.  U  represents  the  source 
of  audio  frequency  current.  What  was  actually  used  for  this 
purpose  in  these  experiments  was  a  vacuum  tube  oscillator. 
The  microphone  generator  shown  in  the  diagram  serves  the 
purpose  as  well  and  has  been  used  in  portable  vacimm  tube 
testing  sets.  Its  principal  of  operation  is  the  same  as  that  of 
an  interrupter  altho  it  is  much  superior,  the  interrupter  being, 
on  account  of  its  unreliability  and  need  of  constant  adjustment, 
practicall}^  useless  for  accurate  measurements.  The  micro- 
phone generator  which  has  long  been  used  in  telephone  testing 
work,  has  the  advantage  that  its  circuit  is  never  broken  as  ih 
the  case  of  the  inteirupter,  the  resistance  of  the  carbon  being 
merely  varied  harmonically  by  the  effect  of  the  flux  in  \\\v  coil 
on  the  diafram.  It  is  tluM-(>fore  free  from  the  usual  troubles 
attending  the  use  of  an  inteiTupter.  such  as  sparking  and  conse- 
quent corroding  of  the  contacts.  It  opera t(>s  on  about  3  to  5 
volts  d.c.  The  a.c.  obtained  from  it  is  transmitted  thru  a 
filter  F  to  give  a  pure  note  of  800  cycles.  This  and  the  radio 
frequency  oscillations  ol)tain(>d  fioiu  the  vacuum  tube  oscilla- 
tor 0  are  both  impiessed  on  the  input  of  the  modulator  .1/.  the 
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resulting  modulated  wave  being  impressed  on  the  detector  D. 
By  means  of  the  switch,  W ,  the  low  frecjuency  current  can  be 
transmitted  either  to  the  modulator  or,  thru  the  shunt  S,  to  the 
telephone  receiver  T.     Since  the  receiver  had  an  impedance  of 


Figure  5 


20,000  ohms  the  transformers  Ti  and  T-i  were  inserted  to  insure 
that  the  generator  U  works  into  the  same  impedance  for  both 
positions  of  the  switch  W.  If  the  audio  frequency  current  is 
measured  by  A  on  the  low  side  of  the  line  a  small  correction 
might  be  needed  for  loss  in  the  transformer  Ti.  However  the 
audio  frequency  vacuum  tube  oscillator  used  in  these  experiments 
gave  sufficient  power  to  enable  the  current  to  be  measured 
directly  in  the  20,000-ohm  line.     The  receiver  shunt  S  gave  a 

maximum  attenuation  of  30  miles  of  standard  cable'  (  —  =  26.3 

For  higher  attenuations  extra  shunts  S' ,  each  of  30  miles,  could 
be  added. 

To  insure  complete  modulation  of  the  wave  impressed  on 
the  detector  the  modulator  M  can  be  made  to  measure  its  own 
input  voltage  according  to  the  principle  of  the  vacuum  tube 
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voltmeter  of  R.  A.  Heisins^     If  Eb  and  /^  are  the  plate-filament 

voltage  and  amplification  constant  of  the  modulator,  the  negative 

grid  voltage  necessary  to  reduce  the  current  in  the  plate  circuit 

Eb 
to  zero  is  — .     Complete  modulation  can  then  be  obtained  by 

Eb 
applying  a  constant  negative  grid  voltage  Ec=^  and  making 

the  peak  value  of  the  audio  frec^uency  input  voltage  e\   also 

Eb  . 

equal  to  —  .     This  can  be  done  by  first  adjusting  the  negative 

Eb      Eb 
grid  voltage  to  a  value \-—~   and  then  applying  the  low  fre- 

ciuency  a.  c.  and  adjusting  it  until  a  current  meter  in  the  output 

circuit  of  M  just  begins  to  show  a  deflection.     The  peak  value 

Eb 
of  the  a.  c.  input  is  then  equal  to  —  .     The  radio  frequency  can 

^  fX 

be  measured  in  the  same  way  and  should  be  weaker  than  the 
audio  frequency.  For  operating  the  modulator  Ec  must  of 
course  be  finally  adjusted  to  its  proper  value. 

The  accuracy  with  which  the  linear  relation  given  by  equa- 
tion (19)  holds  is  shown  in  Figure  6  in  which  the  crosses  and 
circles  represent  observations  made  by  two  different  observers 
on  different  days.     The  close  agreement  of  the  slope,  42.2,  of 
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this  line  with  the  theoretical  value,  2  K  =  42.2Q,  verifies  equation 
(4).  In  measurements  of  this  kind,  where  the  intensities  of  two 
notes  are  compared,  the  influence  of  extraneous  noises  is  small, 
almost  negligible  compared  with  their  influence  on  measure- 
ments by  the  audibility  method.  The  error  in  the  observations 
was  due  largely  to  the  fact  that  the  detecting  current  contains 
a  weak  harmonic  component  (see  equation  14)  which  to  some 
observers  seems  to  have  a  somewhat  disturbing  influence.  If 
necessary  this  harmonic  could  easily  be  filtered  out  by  the  inser- 
tion of  an  appropriate  inductance  in  series  with  the  condenser  C 
in  the  output  of  the  detector. 

The  current  ^l  as  measured  by  the  meter  A,  inserted  in  the 
20,000-ohm  line,  was  3.10x  10~'^  ampere  and  the  intercept  for  e  =  1 
of  the  Hne  shown  in  Figure  6  is  40.8.  Hence  the  detection 
coeflficient  a  =  36.2xl0~'^  amp./(volt)-. 

Table  2  gives  the  results  obtained  by  a  number  of  different 
observers,  the  observations  being  made  on  three  successive  days. 


TABLE  2 


Detection 

Observer 

Slope 

Intercept 

Coefficient 

2K 

C 

Amp. /(volt) - 

A 

42. G 

39.9 

41.6X10-'^ 

A 

42.6 

40.0 

41.0X10"*^ 

A 

41.0 

41.1 

31.0X10"*^ 

B 

42.7 

39.7 

42.8X10"*^ 

B 

42.0 

41.4 

33.5X10-° 

B 

42.1 

41.4 

33.7X10-*^ 

C 

42.2 

41.7 

32.9X10-'' 

D 

41.4 

41.4 

31.0X10-'' 

E 

41.(3 

41.0 

33.1X10-'' 

Mean 

42.0 

40.8 

35.6x10-° 

The  input  signal  voltages  concerned  in  these  measurements 
are  the  root-mean-square  values  of  the  completely  modulated 
wave.  If  it  is  necessary  to  express  them  in  peak  values  they  must 
be  multiplied  by  4/-\/3  instead  of  by  ■\/2  as  in  the  case  of  an 
unmodulated  wave.  This  can  be  seen  by  making  B  equal  to 
unity  in  equation  (16)  and  noting  that  the  peak  value  of  the  wave 
is  2  A  (equation  12). 


8.  Detecting  Efficiency.  The  detection  coefRcient  a, 
which  gives  a  measure  of  the  audible  component  of  the  current 
in  the  output  of  the  detector,  is  not  sufficient  for  expressing  the 
figure  of  merit  of  the  device,  because  it  depends  on  the  type  of 
telephone  receiver  used.  The  impedance  of  the  receiver  must 
be  so  chosen  as  to  give  maximum  response  and  the  effect  expressed 
in  terms  of  the  power  dissipated  in  the  receiver,  which  nmst,  of 
course,  be  computed  from  its  resistance. 

When  the  thermionic  detector  is  used  without  a  l^locking 
condenser  in  the  grid  circuit,  as  was  the  case  in  these  experi- 
ments, the  most  efficient  operation  is  obtained  when  the  grid 
is  kept  sufficiently  negative  so  as  not  to  take  current.  The 
power  consumption  in  the  input  circuit  is  then  practically 
zero.  The  response  in  the  output  circuit  depends  on  the  potential 
difference  established  between  filament  and  grid  and  not  neces- 
sarily upon  the  power  consumption  in  the  input  circuit.  The 
detecting  efficiency  can,  therefore,  not  be  expressed  as  the  ratio 
of  audio  frequency  output  power  to  radio  frequency  input 
power.  The  same  reasoning  applies  to  a  consideration  of  the 
power  loss  in  the  input  coil  and  condenser  when  using  the  cus- 
tomary input  I'esonant  circuit  obtained  by  replacing  the  resist- 
ance and  galvanometer  G  (Figure  1)  by  a  condenser.  0])vi()usly 
if  the  power  loss  is  a  minimum  the  input  voltage,  and  therefore 
also  the  detecting  current,  is  a  maximum. 

This  consideration  furnishes  an  answer  to  the  question  as  to 
whether  the  audion  detector  can  amplify,  that  is,  can  give  more 
audio  frequency  power  in  the  output  than  radio  frequency  power 
expended  in  the  input.  Since  the  tube  is  a  potential  operated 
device  the  answer  to  this  question  must  be  in  the  affirmative. 
All  that  is  necessary  to  verify  this  experimentally,  is  to  impress 
a  convenient  voltage  on  the  input  of  the  tube,  let  us  say  by  an 
arrangement  such  as  shown  in  Figuic  1 .  Practically  all  the 
input  power  consumption  takes  place  in  the  resistance  r  and  can 
be  made  as  small  as  we  please  by  making  r  sufficiently  large 
and  adjusting  the  input  ccjupling  so  as  to  keep  the  input  voltage 
constant.  In  this  respect  the  thermionic  detector  difTeis  fioni 
other  types  of  detectors  such  as  the  Fleming  valve  and  crystal  de- 
tectors. Detection  by  these  (hn'ices  depends  upon  i-ectification  of 
the  incoming  current.  They  can,  therefore,  never  give  more  audio 
frequency  power  than  the  radio  fi'e(iuencv  power  consumed  in 
the  input,  in  fact,  they  can  never  give  as  much.  The  audion,  on 
the  other  hand,  at  least  when  operated  without  a  grid  condenser, 
does  not  detect  by  virtue  of  rectification  of  the  incoming  furrrnt. 

619 


The  incoming  current  is  not  rectified  at  all  and  detection  takes 
place  Solely  by  virtue  of  the  curvature  of  the  plate  current  char- 
acteristic, which  makes  possible  an  unsymmetrical  release  of 
enei-^y  supplied  by  the  plate  battery. 

In  view  of  these  considerations  it  is  best  to  express  the  de- 
tecting efficiency  in  terms  of  the  relation  of  output  audio  fre- 
quency power  to  input  radio  frequency  voltage.  It  is,  there- 
fore, given  by 

>^  =  a-t  (22  j 

where  a  is  the  detection  coefficient  and  /  the  resistance  of  the 
telephone  receiver. 

The  receiver  used  in  these  experiments  had  an  impedance 
of  20,000  ohms  and  a  resistance  of  6.400  ohms  at  800  cycles  per 
second.  Hence,  taking  the  mean  value  of  a  given  in  Table  2, 
the  detecting  efficiency  is  ; 

r;  =  8.lX10"''watt/(volt)^ 

The  tube  on  which  these  measurements  were  made  was  one 
of  the  Western  Electric  type,  V.  T.  1  (Figure  7-a),  that  was? 
speciall}^  designed  for  airplane  radio  telephone  service  and  used 
by  the  United  States  Signal  Corps  for  this  purpose.     This  type 
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of  tube  does  not  give  as  high  an  efficiency  as  some  of  the  pre- 
\\i\y  tubes,  ])ut  it  was  designed  to  operate  on  low  power  con- 
sumption, its  operating  plate  voltage  being  about  20  volts  and 
the  power  consumed  in  heating  its  filament  2.2  to  3.5  watts. 

r^igure  7-b  shows  a  pre-war  type  of  AVestern  Electric  tube 
which  has  been  in  use  in  this  laboratory  since  the  early  part  of 
1916.  While  this  tube  has  a  higher  detecting  efficiency  than 
that  shown  in  Figure  7-a,  the  power  consumed  in  its  fila- 
ment is  about  twice  as  much  and  it  operates  on  a  plate  battery 
of  30  volts.  Another  type  of  pre-war  tube  is  shown  in  Figure  7-c. 
This  tube  has  an  amplification  constant  of  40,  and  can  l)e  used 
as  a  voltage  amplifier  or  detector. 
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Smaller  lypes  of  detector  and  amplifier  lubes  l-.ax'e  since 
been  developed  which  require  only  a  few  tentiis  of  a  watt  for 
heating  the  filament.  Such  a  tube  is  shown  in  Figure  7-d.  With 
a  filament  voltage  of  1  volt,  filament  current  of  0.18  ampere 
and  a  plate  voltage  of  10  volts,  this  tube  has  a; detecting  efficiency 
of  4.3X10"*'  watt  (volt)^.  The  filament  can  be  operated  on  one 
dry  cell,  its  operating  voltage  ran2:in<i'  from   1.0  to  1..')  volts. 
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The  detecting  efficiency  of  this  tube  is  therefore  about  one- 
half  that  of  the  V.  T.  1  tube.  The  actual  effect  on  the  ear  due 
to  this  (hfference  is  not  large.  A  ratio  of  two  in  the  power 
corresponds  to  a  difference  of  about  three  standard  cable  miles. 
A  difference  of  one  standard  caljle  mile  is  hardly  noticeable 
unless  the  comparison  be  made  directly.  For  this  reason  also 
the  detection  coefficients  given  in  Table  2  should  be  regarded 
as  showing  verj^  small  variations.  The  more  correct  measure, 
as  far  as  the  ear  is  concerned,  is  the  detection  coefficient  expressed 
on  the  logarithmic  scale,  that  is,  the  values  of  the  intercept  C 
given  in  the  third  column  of  Table  2,  and  which  are  expressed 
in  miles  of  standard  cable. 

An  idea  can  be  obtained  regarding  the  intensity  of  the  sound 
produced  when  power  of  the  order  given  by  these  tubes  is  dissi- 
pated in  the  receiver,  by  noting  that  the  power  dissipation 
necessary  in  this  receiver  to  give  the  least  audible  signal  is  about 
3X10"^^  watt.  From  the  above  value  of  the  detecting  co- 
efficient the  input  voltage  necessary  to  give  the  least  audible 
signal  is  therefore  about  0.025  volt. 

9.  Comparison  of  Detectors.  The  constancy  with  which 
vacuum  tubes  can  now  be  made  to  operate  as  detectors  brings 
the  testing  of  detector  tubes  by  means  of  comparison  circuits 
within  commercial  possibility.  Comparison  methods  have  a 
practical  advantage  in  that  thej^  do  not  necessitate  such  accu- 
rate calibration  of  the  quantities  involved.  Once  the  detecting 
efficiency  of  a  tube  has  been  determined  the  tube  can  be  used  as 
a  standard  of  comparison  to  obtain  the  efficiency  of  any  other 
tube  by  the  simple  circuit  shown  in  Figure  8.     The  input  voltage 


can  bfc  adjusted  to  any  desned  value  by  adjusting  /•,  and  need 
not  be  known  accurately  in  this  case,  it  being  sufficient  to  know 
that  it  lies  within  the  range  of  voltages  encountered  in  practice. 
By  means  of  the  switch  W  either  detector  can  be  inserted  in  the 
circuit  and  the  receiver  shunt  *S  adjusted  until  the  note  in  the 
receiver  T  is  of  equal  intensity  for  both  positions  of  the  switch  W. 
C  is  a  radio  frequency  leak.  By  means  of  the  key  K  the  shunt 
can  be  thrown  into  or  out  of  circuit  according  as  the  switch  W 
connects  the  tube  of  higher  efficiency  or  the  other.  If  ?"i  and  v^ 
be  the  detecting  currents  obtained  from  the  tubes  1  and  2,  and 
ai  and  a2  their  detection  coefficients,  then  since  the  input  voltage 
is  the  same  for  both 

,     ii     ,     tt],     di  —  do      (I 
log^=log-  =  —-:-  =  - 

l2  «2  A  K 

where  d  is  the  adjustment  of  the  shunt  in  units  depending  on 
the  units  of  K.  As  before  we  can  express  d  in  miles  of  standard 
cable  1)3^  making  A"  =  21.13.  The  detecting  efficiency  can  then 
be  obtained  from 


;,=£)=..  (23) 


in 


10  Modified  Audibility  Method.  The  audibility  or 
"shunted  telephone"  method  has  been  frequently  applied  in 
attempts  to  measure  the  strength  of  received  signals  in  long 
distance  radio  communication  and  has  also  been  used  in  obtain- 
ing an  idea  of  the  sensitiveness  of  detectors.  This  method 
consists  in  shunting  the  telephone  receiver  connected  in  the 
output  of  the  detector  and  determining  the  value  of  the  shunt 
necessary  to  reduce  the  current  in  the  receiver  to  such  an  extent 
that  dot  and  dash  signals  can  just  ])arely  be  differentiated. 
The  ratio  of  the  total  current  in  the  receiver  and  shunt,  that  is, 
the  detecting  current,  to  the  current  in  the  receiver  alone,  meas- 
ures the  "audibility"  and  can  be  computed  from  the  resistance 
of  the  shunt  and  the  impedance  of  the  telephone  receiver.  "When 
we  consider  the  possibility  of  accui-ate  measurements,  this  method 
is  open  to  serious  objections.  In  the  first  place  it  is  liable  to 
considera])le  erroi'  Ix'cause  the  measurement  of  least  audible 
signals  is  made  difficult  l)y  the  influence  of  extraneous  noises, 
such  as  i-oom  noises  and  static.  It  furthermore  dei^ends  to  an 
appreciable  extent  upon  the  condition  of  the  observer,  so  that 
the  current  necessary  to  give  least  audible  signals  will  vary 
from  time  to  time  even  with  the  same  observer.     These  disad- 
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vantages  make  tlii.s  method  quite  unreliable  for  purposes' of 
cl(>te]-uiininp;  detecting  efficiency.  '  '  ' 

Secondly,  the  way  in  which  the  audibility  method  is  Ordin^- 
arily  used  does  not  make  provision  for  the  change  in  effe'ctivt' 
impedance  when  the  shunt  resistance  is  varied.  This  AVolild 
give  misleading  results,  since  the  detecting  current,  that  is.  'the 
audible  component  of  the  current  in  the  output  circuit  of  the 
detector  tube.  deiK^nds  upon  the  relative  values  of  the  interna'! 
output  impedance  of  the  tube  and  the  impedance  into  which 
the  tube  works.  It  is  therefore  necessar^y  in  all  measurement^^ 
of  this  kind  to  adjust  these  impedances  properh'  and  keej)  thenl 
constant  thruout  the  measurements.  If  the  audibility  method 
is  to  be  used  the  "audibility  box"  should  l)e  so  designed  that  any 
variation  in  the  shunt  resistance  is  accompanied  by  an  addition 
or  subti'action  of  an  equivalent  resistance  so  as  to  keep  the  total 
impedance  of  the  circuit  constant.  This  could  be  done  witfi 
the  scheme  that  will  now  be  described. 

The  audibility  measurements  given  here  were  made  with 
the  object  of  determining  the  possible  error  to  which  measure- 
ments would  be  subject  when  the  audilulity  method  is  used, 
for  example,  for  the  determination  of  the  strength  of  incoming 
.signals.  The  fact  that  the  current  necessary  to  give  least  audi- 
ble signals  has  different  values  for  different  oljservers.  and  is 
therefore  incapable  of  objective  determination  does  not  of  itself 
rule  out  the  audibility  method  for  the  measurement  of  signal 
strength,  since  the  detector  set  could  first  he  calil)rated  Ijy 
determining  the  audibility  for  known  input  signals  and  then 
used  by  the  same  observer  to  make  the  final  measurements. 
Hence,  assuming  that  extraneous  noises  could  be  effectively 
cut  out,  the  possibility  of  adapting  this  method  to  such  meas- 
urements would  depend  upon  the  extent  to  which  the  observer's 
conception  of  least  audible  signal  remains  constant  during  the 
time  that  elapses  between  his  calibration  of  the  set  and  the  mak- 
ing of  his  final  measurements.  It  is  hardly  necessary  to  say 
that  the  whole  set  must  remain  unchanged,  especially  the  tube 
and  the  telephone  i"eceiver. 

1  he  circuit  by  which  the  variability  of  least  audible  signal 
was  studied  is  shown  in  Figure  9.  This  cii'cuit  allows  of  audi- 
bility measurements  under  constant  circuit  conditions.  The 
tui;e  used  was  the  same  one  on  which  the  above  measurements 
weie  n)ade.  It  was  a  Western  Electric  "standaid"  the  detecting 
efficiency  of  which  had  not  changed  to  any  noticeable  extent 
in  the  course  of  seven  months  durins  which  time  it  was  in'  fr('- 


(luont  use.     Any  variability  of  the  least  audible  signal  as  deter- 
inined  by  this  set  was  due  entirely  to  the  observers. 

The  input  sijinal  wave  was,  as  before,  a  completely  niodur 
lated  wave  and  could  be  measured  with  the  Duddell  galvanometer; 
(L  In  order  to  keep  the  impedance  of  the  output  circuit  constant: 
the  i'ec(>iver  shunt  described  above  was  used  to  shunt  down  the 
current  in  the  telephone  i-eceiver.     The  choke  coil,  L.  wa<  inseited 


Figure  9 


to  keep  the  impedance  of  the  tube  constant.  This  was  necessary 
because,  altho  the  impedance  of  the  circuit  remains  constant  for 
all  adjustments  of  the  shunt,  its  d.  c.  resistance  varies  and  if  the 
coil  L  were  omitted  the  variation  in  resistance  would  result  in 
a  variation  of  the  d.  c.  potential,  difference  between  plate  and 
filament  with  a  consequent  variation  in  the  tube  impedance. 
The  use  of  the  receiver  shunt  makes  it  possible  to  express 
the  "audibility"  in  a  simple  way.  If  /  be  the  detecting  current 
and  /„  the  l(>ast  audible  signal  current  in  the  receiver  the  audi- 

l)ility         can  lie  expressed  in  miles  d  of  cal)le  by  equation  (19) 

where  the  intercept  C  ie=l)  is  now  given  by: 

C  =  K  (log  a  -  log  i,, )  (24) 

and  gives  a  measure  of  the  audibility  efficiency  in  miles/(volt).2 

The  sim])]e  linear  relation  (19)  makes  it  possible  to  obtain 
the  audibility  efficiency  as  the  average  of  a  large  number  of 
obseivations.  A  iiumbcM'  of  such  observations  plotted  against 
th(>  logaiithm  of  the  corresponding  input  voltages  are  shown 
in  l''igui-e  10.  Altho  the  individual  points  vary  consitlerably 
from  the  average  th(\v  are  nevertheless  grouped  evenly  about 
the  straight  line*,  the  slope  of  which,  namely,  41,  is  quite  close 
to  the  th(M)retical  value,  42.20.  In  no  case  was  there  any  dif- 
ticulty  in  veiifying  tlu^  linear  relation. 

The  slope  of  the  line  depends  only  upon  the  attenuation 
constant  of  the  shunt  and   the  simple  (juadratic  relation   (4). 


The  intercept,  on  the  other  hand,  is  influenced  also  by  the  detec- 
tion coefficient,  a,  of  the  tiilie  itself  and  by  what  constitutes  the 
least  audible  signal  current,  io,  for  the  particular  telephone 
receiver  used  and  for  the  observer  at  the  particular  time  of 
making  the  measurements.     The  detection  coefficient  and  the 
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attenuation  factor  K  certainlj'  do  not  vary  enough  to  be  noticed. 
Any  variation  in  the  intercept  C  will,  therefore,  be  due  to  the 
least  audible  current.  Hence  a  number  of  separate  determina- 
tions of  C  could  be  used  to  give  an  indication  of  the  accuracy 
of  the  audibility  method.  Now,  the  least  audible  current  de- 
pends firstly  upon  sensitiveness  of  the  telephone  receiver.  Bj' 
using  the  same  receiver  thruout  the  measurement  any  variation 
due  to  this  factor  can  be  regarded  as  negligibly-  small  compared 
with  the  much  more  disturbing  variation  in  conception  of  least 
audible  signal  on  the  part  of  the  observers.  Since  this  concep- 
tion varies  with  different  observers  as  well  as  with  the  same 
observer  at  different  times,  measurements  were  performed  by 
four  different  observers  over  a  period  of  eight  days.  The  re- 
sults are  shown  in  Table  3  and  were  obtained  from  curves  such 
as  shown  in  Figure  10.  They  therefore  give  the  average  of  over 
350  observations.  The  fourth  column  gives  the  audibihty 
efficiency  in  miles/ (volt)-,  (log  e  =  ^).  The  corresponding  audi- 
bilities expressed  in  current  ratio,  determined  from  Table  1,  are 
given  in  the  adjacent  cohuiin.  The  last  column  gives  the  input 
voltage  (r.m.s.)  necessary  to  give  a  detecting  current  equal  to 
thejeast  audible  signal  current  (c?  =  0). 
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TABLE 

3 

Vudibility  Efficiency,  C 

Input  for 

Least 

Observer 

Time 

Slope  2  K 

Mile.K  / 

I  , 

Audible 

(Volt  )•- 

ij 

Current 

(Volt)2 

(Volts) 

A 

1st  dav  A.M. 

42.7 

60.9 

760 

.037 

2nd    "■    A.M. 

41.4 

61.6 

820 

.036 

2nd    "     P.M. 

45.0 

64.6 

1140 

.038 

3rd     "     A.M. 

44.2 

62.8 

940 

.030 

5th     "     A.M. 

39.5 

60.1 

700 

.033 

5th     "     P.M. 

44.6 

65.7 

1280 

.028 

6th     "    A.M. 

43.7 

68.  () 

1720 

.025 

6th     "     P.M. 

43.1 

68.9 

1800 

.022 

7th     "     A.M. 

40.8 

67.6 

1550 

.023 

Sth     "    A.M. 

42.3 

69.8 

1980 

Mean: 

42.7 

65.0 

1260 

.030 

B 

2nd  day  A.M. 

40.4 

62.4 

900 

.028 

2nd    "■    P.M. 

43.0 

65.8 

1300 

,030 

3rd     "     A.M. 

38.0 

61.6 

820 

.024 

5th     "     A.M. 

41.5 

64.1 

1080 

.028 

Sth     "     P.M. 

41.1 

63.7 

1040 

.028 

6th     "     A.M. 

42.1 

64.0 

1070 

.030 

6th     "     P.M. 

42.4 

65.5 

12S0 

.028 

7th     "     P.M. 

43.2 

68.1 

1640 

.026 

Sth     "     A.M. 

41.4 

64.  S 

1130 

.028 

Menn: 

41.5 

64.4 

1130 

.028 

( 

3rd  dav  A.M. 

43.6 

66.6 

1400 

.024 

Sth     "'    A.M. 

40. S 

65.6 

1260 

.025 

5th     "     P.M. 

43.3 

65.4 

1240 

.031 

6th     "     P.M. 

46.0 

66.2 

1340 

.037 

7th     "     P.M. 

41.2 

67.8 

1580 

.023 

8th     "     A.M. 

43.0 

66.5 

1380 

.029 

Mean: 

43.0 

()6 . 4 

1360 

.028 

1) 

7th  dav  A.M. 

44.0 

77  .- 

4840 

.OlS 

7th     '•■    P.M. 

44.0 

73.5 

3140 

.021 

Mean: 

44.0 

75.4 

4()()() 

.020 

It  will  1)0  seen  from  these  observations  that  the  uiulibility 
varies  quite  consideralily  with  different  observers,  and  even 
with  the  same  observer  at  different  times.  It  must  be  remarked 
that  these  measurements  were  not  performed  under  ideal  condi- 
tions as  regards  freedom  from  noise,  outside  noises  from  the 
city  streets  being  sometimes  distinctly  noticeable.  Ideal  con- 
ditions are,  however,  not  practicable  and  the  value  of  such 
measurements  could  reasonably  be  expected  to  be  determined 
to  a  great  extent  by  the  accuracy  with  which  they  can  be  made 
under  normal  conditions.  It  is  possible  that  the  wide  discrep- 
ancy in  th(>  reported  error  attending  audibility  measurements 

«See  L.  W.  Austin,  Proceedings  of  The  Institute  of  R.\dio  P^ngineeh.s 
August,  1917.  page  239,  and  the  discussion  by  J.  Mauradian,  page  248. 


(the  error  i-aiigins  from  about  20  per  cent  to  scn'eral  hundred 
];ei'  cent)"  is  due  to  the  varying  noise  conditions  under  which 
Ihe   measurements   were   performed. 

11.  Application  to  Determination  of  Signal  Strength. 
When  considering  the  practical  prol:)lem  of  measuring  the  strength 
of  received  signals,  the  audibihty  method  has  the  one  advantage 
that  it  does  not  reciuire  an  auxihary  source  of  aucho  frerjuency. 
Its  inaccui'acy,  however,  would  hartUy  recommend  it  for  such 
liieasurements.  The  method  descriljed  in  the  first  part  of  this ; 
paper  has  the  advantage  of  greater  accuracy,  especially  when 
considering  the  influence  of  static  disturbances.  ;The  con- 
stancy of  the  tube  makes  it  possible  to  determine  the;  efficic^ncy 
of  the  set  beforehand.  From  the  observed  detecting  current 
the  received  input  voltage  can  then  lie  ol)tained,  from: which  the 
received  power  can  be  calculated  when  the  constants  of  the  input' 
circuit  are  known.  For  accurate  measurements  it  would,  of 
course,  be  necessary  to  consider  the  form  of  the  incoming  wave. 
When  measuring  weak  signals  received  on  long  distance  com-' 
munication,  the  heterodyne  method  could  be  used.  By  putting 
the  detecting  current  i  =  hee',  instead  of  equation  (-t),  where  e 
is  the  signal  voltage  and  e'  the  local  input  voltage;,  a  simple 
linear  relation  can  be  obtained  similar  to  eciuation  (19).  The 
local  voltage  e'  could  be  made  sufficiently  large  to  enable  it  to 
l)e  measured  with  the  detector  itself  in  the  manner  explained 
above  (section  7)  in  connection  with  the  measurement  of  the 
voltages  impressed  on  the  input  of  the  modulator. 

12.  Practical  Applications.  When  it  is  necessary  to 
test  a  large  number  of  detector  tubes,  the  circuit  shown  in  Figure 
5  is  somewhat  impracticaljle,  because  such  a  circuit  rerpures 
careful  adjustment  of  the  operating  parameters,  such  as  the 
input  radio  frequency  voltage  impressed  on  the  detector,  the 
audio  freciuency  current  delivered  by  the  generator  U,  and  so 
on.  The  procedure  that  was  adoptetl  and  found  more  practi- 
cable was  to  use  this  circuit  to  standardize.  ])y  means  of  the 
method  explained  above,  carefully  selected  tubers  the  detecting 
efficiency  of  which  was  found  to  remain  constant.  These  tul)es 
were  then  used  as  comparison  standards  to  test  the  factory  product 
l)y  means  of  a  circuit  like  that  shown  in  Figure  8.  The  tubes 
could  then  be  compai-ed  with  the  standard  under  the  actual 
cii-cuit  conditions  under  which  they  may  be  required  to  operate 
in  practice.  Figure  11  shows  a  comparison  test  cii'cuit  designed 
to  test  d(^tec1ors  which  are  intended  for  use  in  coniunction  with 


an  aiiiplifiei-.  Tho  circuit  is  an-anged  in  a  box,  shown  in  Figure 
.12,  witli  terminals  for  connecting  the  batteries  and  jacks  for 
measuring  the  filament  and  plate  voltages.  It  was  necessary 
to  secure  a  simple  means  of  producing  constant  modulated 
ladio  frequenc}^  oscillations  to  serve  as  the  source  of  input 
voltage.  Ordinarily  this  would  require  a  radio  frequency  oscil-| 
lator.  an  audio  frequency  oscillator  and  a  modulator.     To  avoid; 
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using  such  a  cumbersome  and  I'athei'  impracticable  ari-ange- 
ment  the  oscillator  tube,  0  (Figure  11)  was  made  to  pi-oducc 
modulated  high  frequency  oscillations  directly  with  the  aid  of 
a  microphone  generator,  U.  Thecarl)on  button  of  this  generator 
was  inserted  directly  in  the  oscillating  circuit,  Li  ('.,  as  shown 
in  the  diagram.  The  microphone  causes  an  audio  frefjucMicv 
variation  of  the  resistance  of  the  o-^ciilating  circuit  and  lhu> 
serves  to  modulate  the  I'adio  fi(>(iuencv  oscillations.  The  modu- 
lation produced  by  this  means  is  not  complete,  but  complete 
modulation  is  iiot  necessary  when  com jxi ring  detectoi's.  The 
audio  frecjuency  component  in  the  output  of  the  dete<'tor  is 
amplified  by  the  tube.  ^4.  C-i  is  a  high  fr(>(|uencv  h'ak  and  /•  a 
high  ]'esistance  acting  as  a  grid  leak  to  pivvent  the  gi'id  from 
building  up  a  chai'ge.  'i'he  (hff(M(>nce  in  detecting  efficiency 
of  the  two  tubes  can  be  measuicd  by  means  of  the  shunt.  N.  in 
the  mannei'  exjilained  in  section  !).  and  can.-  as  shown  in  the 
measui'ements  descril)ed  above,  be  most  conveniently  exjire.ssed 
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in  the  logarithuiic  scale.  The  sliuiit  used  in  these  test  sets  had 
a  constant  A' =  21.13,  thus  giving-  the  difference  in  detecting 
efficiency  in  miles  of  standard  number  19  gauge  cable. 
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Appendix 

At  tlie  beginning  of  this  paper  mention  was  made  of  a  simple 
method  of  measuring  the  amplification  of  audion  tubes.  Altho 
there  is  nothing  new  in  this  method  which  has  been  in  use  in 
this  laboratory  for  many  years,  it  is  not  generally  known  and 
may,  therefore,  be  briefly  described  here.  The  circuit  arrange- 
ment whereby  the  amplification  can  be  measured  is  shown  in 
Figure  13.  Audio  frequency  currents  are  supplied  by  the  gen- 
erator, U,  and  are  passed  thru  the  filter  to  obtain  a  pure  note 
of,  say,  800  cycles  per  second.  By  operating  the  switch,  W , 
this  current  can  be  transmitted  either  directly  to  the  telephone 
receiver,  T,  or  thru  the  tube  and  a  receiver  shunt,  S.  By 
adjusting  the  shunt  until  the  note  heard  in  the  receiver  is  of  the 
same  intensity  for  both  positions  of  the  switch,  W,  the  current 
amplification  given  by  the  tube  is  equal  to  the  attenuation 
produced  by  the  shunt,  and  is  given  by  equation  (18),  or 

d  =  Klog  7 

where  i  is  the  current  in  the  receiver  and  12  the  current  before 
being  attenuated  by  the  shunt.     The  reading,  d,  of  the  shunt 


usually  sives  the  amplification  in  miles  of  standai-d  cable.  The 
actual  current  ratio  can,  as  before,  be  obtained  from  Table  1. 
The  power  amplification,  which  is  a  more  desirable  expression, 
and  means  more  than  current  amplification,  can  be  obtained 
from  the  al)ove  equation  by  dividing  the  factor  K  bv  2. 
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The  generator,  C,  can  l)e  of  any  type  that  gives  constant 
audio  frequency  current.  In  Figiu-e  13  it  takes  the  form  of  a 
nn'crophone  generator.  On  account  of  its  compactness,  this  is 
a  desirable  source  of  audio  frecjuency  curi'ents,  when  the  test 
set  is  to  be  small,  compact,  and  portable.  A  portable  Western 
Electric  test  set  (made  for  (he  United  States  Signal  ( 'orps)  is 
shown  in  Figure  14. 

Care  must  be  taken,  when  using  this  method  tluit  the 
(•un'(uit  in  the  secondary  of  the  transformer,  Ti,  is  the  same 
wluui  connected  to  the  input  of  the  tid)e  as  wh(>n  comiected 
to  the  telephone  receiver.  For  this  purpose  the  impedance, 
Zi.  of  the  transformer,  To,  is  made  e(iual  to  the  impedance  of  the 
receiver.  The  secondary'  of  transformer,  T-i,  is  wound  lo  have 
as  high  an  impedance  as  possible,  to  impress  th(>  niaximuui 
possible  voltage  on   the  grid   cii-cuit    of  the   tubr.      ^^'h('ll,   as  in 

ti:n 
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this  ease,  the  receiver  has  an  iinpedancc  equal  to  th(>  plate 
I'csi^tanee  of  the  tu])e,  it  can  he  connected  chrectly  t(j  the  output 
cii-cuit  of  the  tu])e,  as  shown  in  the  diagram,  the  receiver  shunt 
lieing  so  designed  that  when  placed  between  the  tube  and  the 
receiver,  the  total  inijiedance  of  the  output  circuit  I'eniains 
constant  for  all  adjustments  of  the  shunt.  If  the  impedance 
of  the  receiver  is  very  different  from  the  plate  resistance  a  trans- 
foiiiicr  of  the  projx'r  impedance  ratio  must  be  ins(>rted  in  the 
output   circuit. 

In  conclusion  I  wish  to  acknowledge  the  assistance  of  Mr. 
Ii.  H.  Wilson  in  carrying  out  the  experiments  descril)ed  above. 
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SUMMARY:  There  is  described  a  method  of  determining  the  detecting 
efficiency  of  vacuum  tubes  by  feeding  them  with  radio  frequency  current 
modulated  at  audio  frequency.     The  theory  of  the  method  is  given. 

In  connection  with  such  measurement,  the  use  of  a  receiver  shunt  cali- 
brated in  terms  of  miles  of  "standard  number  19  gauge  cable"  is  advocated. 

For  producing  the  radio  frequency  current  for  such  measurement,  a  tube 
oscillator  was  employed.  The  audio  frequency  modulation  was  obtained 
either  by  a  second  tube  or  by  a  microphone  howler.  The  apparatus  is  de- 
scribed in  detail,  and  illustrated.     Experimental  data  are  given. 

A  method  for  comparing  the  detecting  efficiencies  of  a  standard  tube  and 
of  a  tube  under  test  is  also  described,  and  the  apparatus  is  shown. 

In  an  Appendix,  a  simple  method  of  measuring  tube  amplification  is 
described. 
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DISC'US.SIOX 

John  M.  Miller:  In  connection  with  the  method  whicli  has 
jiisi  l)ceii  (lescril)e(l  for  measuring  the  detecting  efRcienc}'  of  a 
thi-ei^-electrode  vacuum  tube,  it  may  be  of  interest  to  outHne 
tile  method  which  has  been  independently  developed  at  the 
I^uicau  of  StancUirds  for  making  these  measurements.  The 
geneial  lequirements  of  such  a  method  are  somewhat  obvious, 
that  is,  a  relation  must  be  estabhshed  between  the  radio  fre- 
f|Ucncy  input  to  the  detector  and  the  audio  frequency  output. 
In  order  to  o])tain  a  source  of  completely  modulated  radio  \rv- 
(luciu'v  for  calibrating  detector  tul)es,  w(>  have  made  use  of  the 
an-ang(Mncnt  shown  on  the  left  of  Figure  1.     In  thv  jilale  cir- 


cuit of  the  oscillator  tube  which  sup])hes  the  modulated  I'adio 
fr('(|ucncy  vmW  to  the  detector  tube  Www  is  an  au(h'o  freciuencv 
voltag(>  fuiiiishcd  by  an  altcM'nator  which  is  in  scries  wilh  the 
•custon)ai_\'  d.  c.  battery.  The  peak  \ahic  of  the  altei'iiating 
■voltage  is  adjusted  to  equality  with  tlic  d.  c  Nollagc  so  that  the 
total  ph\\o  vohage  vai'ies  from  zero  to  a  niaxiniuni  \ahie  of 
twic(^  that  of  the  d.  c.  batteiy.  A  cahl)iat  ion  of  the  output  of 
the  oscillatoi'  tul)e  witli  I'espect  to  the  jilate  voMage  shows  a 
linear  I'elat  ionship  between  output  cuncnl  and  plate  Ndltage 
tluuout    the   lanii'e  of  \-oltage  used,   so  that    under  the  action   of 


th(?  combined  a.  c.  and  d.  c.  voltages  the  output  current  will  be 
completely  modulated  with  a  sinusoidal  envelope.  A  known 
emf.  of  this  modulated  radio  frequency  is  supplied  to  the  input 
of  the  detector  tube,  ])y  measuring-  with  a  vacuum  thermo- 
couple the  current  thru  a  known  resistance  across  which  the 
input  terminals  of  the  detecting  tube  are  connected,  in  a  manner 
exactly  similar  to  that  described  by  Dr.  van  der  Bijl,  The 
method  of  measuring  the  audio  frequency  output  of  the  detector 
tube  is  somewhat  different  in  that  we  measure  the  audio  fre- 
(luency  voltage  acting  on  the  telephone  receivers.  This  is  done 
by  throwing  the  receivers  back  and  forth  from  the  output  cir- 
cuit of  the  tube  to  a  potentiometer  device  (slide  wire  in  Figure  1) 
which  is  supplied  current  from  the  same  alternator  from  which 
the  alternating  voltage  in  the  oscillating  tul)e  circuit  is  obtained 
ensuring  the  same  pitch.  The  potentiometer  voltage  is  adjusted 
until  equality  in  sound  intensity  is  obtained.  The  potentiometer 
current  and  setting  then  give  the  audio  frequenc}'  voltage  acting 
on  the  receivers.  This  method  involves  no  changes  in  the 
electrical  characteristics  of  the  plate  circuit  of  the  detector  tube. 
Since  it  likewise  permits  a  continuous  variation  of  the  voltage 
acting  on  the  telephones,  it  therefore  furnishes  the  data  to  answer 
Mr.  Ballantine's  question  as  to  the  accuracy  of  such  an  intensity 
comparison. 

We  find  that  audio  frequency  emfs.  can  be  compared  in  this 
way  to  about  one-half  of  one  per  cent,  when  the  mean  of  a  num- 
ber of  observations  is  used. 

There  is  one  point  in  connection  with  the  use  of  the  constant 
impedance  receiver  shunt  which  can  possibly  introduce  a  slight 
error  in  some  measurements.  My  idea  of  this  device  is  that 
when  the  shunt  is  varied,  the  impedance,  as  measured  from 
the  input  terminals  of  the  shunt,  is  constant,  but  its  angle 
varies.  Thus,  in  one  position,  when  the  receivers  are  unshunted, 
the  impedance  can  be  represented  by  a  vector  which  makes  an 
angle  of  about  70°  from  that  which  would  represent  a  pure 
resistance,  assuming  the  values  for  the  receiver  impedance  and 
resistance  given  in  the  paper.  As  the  shunt  is  varied,  the  angle 
decreases,  the  modulus  remaining  constant.  In  case  the  shunt 
is  used  in  the  plate  circuit  of  a  vacuum  tulje,  it  will  be  in  series 
with  a  pure  resistance.  The  total  circuit  impedance  will  be 
given  l)y  the  vector  sum  of  these  separate  impedances  and  will, 
therefore,  vary  as  the  shunt  is  changed. 


H.  J.  van  der  Bijl:  Dr.  Miller  assumes  a  large  angle  for  his 
receiver  (82°).  Generally  receivers  have  angles  considerably 
smaller  that  this  value.  If  3^ou  calculate  the  shunt  and  series 
resistances  of  the  receiver  shunt,  assuming  that  the  receiver 
connected  to  it  has  an  angle  of  40°-50°,  you  will  find  that  for 
current  attenuations  greater  than  that  corresponding  to  about 
6  miles  (9.6  km.)  of  standard  cable,  the  effect  of  the  angle  is 
negligible.  This  is  because  for  large  attenuation  the  series 
resistance  is  large  and  the  effective  angle  therefore  small.  In 
this  case  we  can,  therefore,  neglect  the  effect  of  the  angle,  which 
makes  the  computation  of  the  necessary  resistances  very  simple. 
If,  on  the  other  hand,  the  angle  of  the  receiver  is  large,  it  must 
])c  taken  into  consideration  and  this  has  been  done  in  the  receiver 
shunts  used  in  my  experiments.  In  this  case  the  problem  is 
that  of  an  inductive  circuit  with  varying  angle.  The  compu- 
tation is  somewhat  tedious  and  therefore  we  generally  determine 
the  resistances  graphically. 

I  was  interested  to  hear  about  the  experiments  made  by  Dr. 
]\Iiller  at  the  Bureau  of  Standards,  using  this  method.  I  could 
not  quite  gather  from  what  he  said  whether  he  had  made  marked 
improvements  on  it;  I  understand  that  he  made  measurements 
which  gave  an  accuracy  of  one-half  of  one  per  cent.  I  do  not 
exactly  know  what  that  means. 

I  am  very  glad  to  hear  that  this  method  has  been  found  to 
allow  of  such  accuracy  by  Dr.  Millei  in  the  comparatively  short 
time.  Altho  I  disclosed  my  method  of  measuiing  detecting 
efficiency  to  the  Signal  Corps  about  two  years  ago,  it  was  only 
about  six  or  eight  months. ago  that  I  acquainted  the  Bureau  of 
Standards  with  the  details  of  it. 
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HARMONIC  OSCILLATIONS 
IN  DIRECTLY  EXCITED  ANTENNAS  USED  IN 
RADIO  TELEGRAPHY* 

By 
luigi  lombardi 

(Professor  in  the  Electrical  Engineering  Institute,  Koyal 
Polytechnic  School,  Naples,  Italy* 

Introduction 

Direct,  excitation,  originated  bj-  Hertz,  in  his  classic  experi- 
ments, and  subsequently  used  by  G.  Marconi  in  the  first  radio 
telegraphic  stations,  has  meanwhile  been  practically  wholly 
eliminated  in  modern  stations  of  any  importance,  since  the  ad- 
vantages afforded  b}'  indirect  excitation  by  means  of  electro- 
magnetically  coupled  circuits  have  come  to  be  appreciated.  In- 
vestigators in  radio  telegraphy  have  consequently  never  made 
a  very  careful  examination  into  the  oscillations  produced  in 
antennas  by  the  more  primitive  method;  and  while  they  did  be- 
come aware  of  the  complex  nature  of  the  emitted  waves,  they 
confined  themselves  in  most  instances  to  the  observation  or 
calculation  of  the  length  of  the  fii'st  harmonic,  without  determ- 
ining the  amplitude;  (rightly  considering  the  harmonic  oscil- 
lation to  be  merely  an  undesired  source  of  loss,  inasmuch  as  the 
energy  radiated  thereby  was  practically  in  no  instance  utilized  for 
the  transmission  of  signals,  and  contributed  not  towards  the 
efficienc}^  of  such  transmission,  but  towards  increasing  the  losses 
inherent  in  the  entire  system). 

From  a  theoretical  point  of  view,  moreover,  the  problem  could 
be  considered  as  having  been  completely  solved  by  the  well- 
known  equation  for  the  propagation  of  currents  in  circuits  having 
distributed  inductance  and  capacity,  the  general  integral  of 
which  has  been  given  in  a  sufficiently  simple  form  by  K.  W. 
Wagner,  in  a  classic  treatise  by  that  author,  who  also  inter- 
preted from  a  practical  point  of  view,  in  the  same  volume,* 
the  most  important  results  obtained  with  reference  to  aerial 
and  underground  lines. 

*  Received  by  the  Editor,  November  12,  1918.  Tntnsiited  from  the 
Italian  and  edited  liy  the  Editor. 

'  "Elektroniiifrnetisrhe  Ausgleichsvorgange."  190S. 


Using  as  a  model  a  conductor  or  line  of  considerable  induct- 
ance and  capacity,  the  same  author  carried  out  experiments 
relative  to  the  transient  phenomena,  following  sudden  changes 
of  current  and  potential,  and  demonstrated  that  the  actual  phe- 
nomena were  exactly'  in  agreement  with  the  theoretical  conclu- 
sions arrived  at  with  regard  to  the  same-.  The  effects  produced 
were  shown  in  a  number  of  oscillograms.  Wagner's  artificial 
line,  however,  applied  only  to  low  voltage  experiments,  in  which 
the  making  and  breaking  of  the  circuits  occurs  without  any 
material  sparking.  The  circuit  resistance  and  the  damping 
being  consequently  practically  constant,  the  phenomena  may 
be  considered  to  be  correctly  represented  by  the  theoretical 
formulas,  containing  the  heat  losses  and  ohmic  drops,  while 
I'adiation  need  not  be  considered  as  of  any  importance. 

On  the  other  hand,  the  antennas  used  in  radio  telegraphy 
are  very  different  in  this  respect,  inasmuch  as  the  radiated 
energy  in  some  cases  is  about  as  large  as  the  energj^  dissipated 
by  the  ohmic  resistances.  Among  these  latter  resistances  (at 
least  whenever  the  excitation  is  accomplished  by  means  of 
devices  utilizing  disruptive  discharges),  the  most  important 
one  in  many  cases  is  that  of  the  spark,  which  also  gives  rise 
to  a  damping  factor,  which  is  rather  indefinite^  and  exceedingly 
variable. 

We  have  recently  constructed  at  the  Electrical  Engineering 
Institute  of  the  Roj^al  PoWtechnic  School  an  artificial  line 
for  high  voltages  (which  line  can  also  be  operated  as  a  powerful 
Hertzian  oscillator,  or  as  a  radio  telegraphic  antenna  of  low 
radiation  resistance)  and  we  have  available  means  for  generating 
radio  frequency  currents.  It  was  decided  to  investigate  the 
operation  of  this  apparatus  with  oscillations  directly  excited  by 
means  of  spark  discharges  of  the  principal  types  still  used  in 
radio  telegraphic  stations.  Such  spark  discharges  had  been 
recently  used  by  me  in  other  research  work  concerning  excess 
voltages  and  the  protective  systems.'* 

(jeneral  Experimental  Arrangement 

For  these  measurements,  the  antenna  was  composed  of  two 
large  solenoids  of  copper  wire,  3  millimeters  (0.12  inch)  in  di- 
ameter and  170  centimeters,  (67  inches)  long,  each  of  the  sole- 
noids having  240  turns  36  centimeters  (14.2  inches)  in  diameter, 
with  an  ohmic  resistance  of  2.7  ohms  and  an  inductance  of 
0.004  henry. 

2  "Elektrotechnische  Zeitschrift,"  1911,  i)iig('  S<»5). 
'"L'Elpttrotecnica,"  lOl.S,  "Cnnferenz:i  spcM-iinoiitjili'  aUn  A.  K.  I.  " 


This  artificial  antenna  is  shown  in  Figure  1.  A  is  the  42- 
or  150-cycle  alternator,  T  the  transformer,  M  the  Marconi 
sjaichronous  rotary  gap,  a  an  alternative  fixed  gap,  b  coupling 
coil  to  the  wave  meter,  and  L  and  C  the  artificial  antenna. 
The  constants  are  indicated  in  the  diagram. 
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FiGUUK   1 — Artificial  Aiitciiiiii  an  I  Ex.  iiin.u,-  System 


The  capacity  of  each  section  of  the  antenna  was  supplied  by 
12  Moscicki  condensers  having  a  total  capacity  of  about  0.026 
microfarad,  one  of  the  terminals  of  each  condenser  liank  being 
grounded  while  the  other  was  connected  to  its  solenoid  at  dis- 
tances of  20  turns  from  each  other.  With  this  arrangement, 
the  fundamental  wave  length  is  al:)out  11,000  meters,  when  the 
two  sections  are  symmetrically  excited  at  their  connecting  point; 
the  surge  impedance  at  this  wave  length  proved  to  be  395  ohms, 
and  the  damping  constant  330. 

The  antenna  was  sometimes  excited  ])y  means  of  a  hu'ge 
induction  coil,  with  hammer  break  or  turl)ine  interrupter,  or 
else  with  a  Wehnclt  interrupter,  and  with  a  spark  gap  having 
brass  or  zinc  spherical  terminals.  At  other  times,  excitation 
was  accomplished  by  means  of  a  S-kilowatt  transformer  of  com- 
mercial type,  fed  with  42-cycle  alternating  current  from  the 
city  supply  or  from  a  small  150-cycle  alternating  current  gen- 
erator with  rotating  field.  Keyed  to  the  shaft  of  this  latter 
alternator  was  a  synchronous  rotary  spark  gap  of  the  Maiconi 
type,  with  adjustable  fixed  terminals,  controlled  as  to  exact  posi- 
tion by  means  of  a  worm  gear  attachment.  In  ])lace  of  the 
rotary  gap,  the  transformer  may  l)e  connected  to  an  ordinary 
spark  gap  having  brass  balls,  or  else  to  a  Boas  multi-section 
spark  gap  provided  with  tungsten  electrodes,  powerfully  cooled, 
and  of  the  type  used  in  radio  transmission  by  Wien's  (juenched 
sjiark  system. 


For  measuring  wave  length,  there  was  used  a  Marconi  stand- 
artl  wave  meter,  provided  with  four  fixed  capacities  and  one 
variable  capacity,  and  with  a  range  of  Avave  lengths  from  400 
to  6,000  meters.  Shorter  and  longer  waves  could  be  measured 
in  the  usual  way,  with  added  capacity  and  inductance. 

A  diagram  of  the  wave  meter  used  is  given  in  Figure  2. 
Li  is  the  inductance,  Ti  and  T2  the  telephone  terminals,  H  the 
crystal  detector,  C  the  variable  condenser,  Ci  and  d  terminals 
for  an  external  larger  condenser,  Ki  and  K^  keys,  Lo  and  L3 
extra  inductances  which  would  change  the  wave  length  by  the 
same  percentage  (different  in  each  instrument),  R  a  resistance 
of  3  ohms,  ab  terminals  for  decrement  measurement,  and  cd 
terminals  for  thermocouple.  With  Ki  to  left  and  K2  to  left 
(normal  settings),  Lo  is  in  circuit.  Throwing  Ki  to  right  cuts 
L2  out  of  circuit,  while  throwing  K^,  to  right  and  lu  to  left  puts 
L3  into  the  circuit. 
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Figure  2 — \\':ivciiR'tcr  L'st-d  in  ^Slcasuivinonts 


The  wave  meter  is  provided  with  two  supplementary  in- 
ductances, which  could  be  switched  into  or  cut  out  of  the  circuit 
by  means  of  suitable  keys,  thus  increasing  or  decreasing  the 
frequency  by  3.7  per  cent.  By  means  of  a  thermocouple  and 
a  precision  galvanometer,  two  points  of  the  resonance  curve, 
symmetrical  with  respect  to  the  resonance  point,  can  thus  be 
quickly  determined,  and  the  data  thus  obtained  arc  sufficient 
for  determining  the  total  damping  of  the  combined  primary 


and  secondary.  For  determining  the  primary  and  tlie  second- 
ary decrements  separately,  a  supplementary  resistance  is  included 
in  the  wave  meter,  and  furnished  with  terminal  clamps  and  a 
short-circuiting  bar,  by  the  removal  of  which  bar  the  total  re- 
sistance in  the  circuit  is  increased  by  a  known  amount,  while 
the  total  damping  is  increased  by  an  amount  dependent  on 
the  wave  length,  and  calculable  in  advance. 

Using  this  method,  only  a  few  readings  of  the  wave  meter, 
kept  in  one  position,  are  necessary  to  determine  the  primary 
current  amplitude,  containing,  however,  a  factor  of  proportion- 
ality which  depends  only  on  the  coupling  coefficient  to  the 
wave  meter. 

If  the  position  of  the  wave  meter  remains  unchanged  during 
a  series  of  measurements  at  different  wave  lengths  (or  if,  in 
case  the  meter  has  to  be  moved  to  a  second  position,  by  means 
of  some  separate  measurements,  the  relative  degrees  of  sensi- 
tiveness in  both  positions  are  determined  by  comparison),  it 
becomes  possible  to  determine  quickly  the  amplitudes  of  the 
primarj^  current  and  of  all  the  harmonic  currents  in  the  range  of 
wave  lengths  covered  by  the  wave  meter. 

There  were  connected  into  the  artificial  antenna  (double 
solenoid)  close  to  the  spark  gap,  and  at  a  suitable  distance  from 
the  solenoids  fso  as  to  reduce  their  direct  influence),  a  couple 
of  rectangular  turns,  similar  to  the  inductances  of  the  wave  meter. 

By  sliding  the  wave  meter  parallel  to  itself  along  a  supporting 
board  or  table,  I  succeeded  in  varying  the  coupling  coefficient 
between  it  and  the  "antenna"  circuit  within  very  wide  limits, 
and  in  having  the  galvanometer  indicate  perceptible  deflections 
even  for  the  harmonics  higher  than  the  twentieth,  when  the 
antenna  was  excited  using  the  Boas  or  the  Marconi  discharger 
at  a  maximum  voltage  of  several  thousand.  When  using  a 
brass  spark  gap,  the  measurements  on  the  harmonics  became 
comparatively  unreliable;  indeed  the  spark  length  had  to  be  in- 
creased, with  the  result  that  the  spark  became  rather  un- 
stable; or  else  the  coupling  had  to  be  made  so  close  as  to  cause 
distortion  of  the  resonance  curve.  I  refrained  for  the  same  rea- 
son from  making  a  quantitative  determination  of  the  harmonics 
higher  than  the  eighteenth.  However,  when  using  the  Marconi 
gap,  which  operated  more  regularly,  the  presence  of  such  har- 
monics was  plainly  indicated  by  the  wave  meter.  Another 
wave  meter  having  a  small  inductance,  and  constructed  at  our 
Institute,  permitted  measurements  of  shorter  waves  when  the 
amplitude  was  reduced  to  a  few  per  cent,  of  that  of  the  funda- 
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ineiital  wave.  However,  the  determination  of  the  new  factors 
thus  introduced  was  unreHable. 

According  to  Wagner's  theory,  subsequently  developed  by 
Petersen^,  and  recently  re-investigated  by  Brylinski^  the  dis- 
charge of  a  line  of  length  /,  originally  charged  to  the  uniform 
potential  E,  and  accidentally  grounded  at  one  end  while  the  other 
end  remains  insulated,  will  be  an  oscillating  phenomenon,  equiv- 
alent to  the  superposition   of  two   waves   of   rectangular   form 

E 
or  profile,  of  a  height        and  a  length  41,  moving  in  opposite 

directions  with  a  velocity      /—-^  in  which  fraction  Li  and  Ci 

represent  the  inductance  and  the  capacity  per  unit  of  length.  The 
moving  double  wave  would  maintain  its  initial  amplitude  for 
an  indefinite  time  if  there  were  no  ohmic  resistance  in  the  line, 
and  in  the  absence  of  leakage,  radiation,  and  any  other  factor 
causing  loss  of  energy.  If  any  of  these  factors  occur,  the  travel- 
ling wave  will  become  attenuated  in  course  of  time,  and  the 
decrement,  calculated  for  the  duration  of  a  cycle,  will  remain 
constant  if  the  ratio  of  the  ohmic  resistance  to  the  inductance 
likewise  remains  constant.  An  increase  in  the  resistance  will 
therefore  result  in  a  more  rapid  decrease  in  the  amplitude  of 
the  travelling  wave,  and  will  reduce  its  total  duration,  leading 
up  to  the  new  electrical  conditions  of  the  system. 

Analytically,  the  rectangular  double  wave  of  discharge  may 
be  represented  by  two  series  of  infinitely  extended  sinusoidal 

4:1     41    41 
waves    of    lengths    equal    to    v'  '^'  "T'    '^^^^    o^    amplitudes 
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— »  ;r~  '  Er~  '    travellmg     m     opposite    du-cctions     and     with 

equal  velocities.  Therefore,  if  the  damping  were  eliminated, 
the  amplitudes  of  the  successive  harmonics  (as  compared  to 
that  of  the  fundamental  wave)  would  decrease  in  an  inverse 
arithmetic  progression  of  odd  numbers.  Consequently  no 
wave  corresponding  to  an  even  harmonic  could  be  produced, 
because  of  the  well-know'n  property  of  functions  symmetrical 
in  their  successive  half-periods.  In  the  special  case  considered, 
however,  it  would  not  be  allowable  to  assume  beforehand  that 
there  are  no  such  waves  corresponding  to  even  harmonics  present 
inasmuch    as    the    amplitude    of    the    various    waves    will    in- 

^Archiv  fiir  Elektrotechnik,"  volume  1,  page  233;  "Elektrotechnische 
Zeitsehrift,"  1913,  page  1()7. 

^  "Revue  (Jeueralc  de  rElootricite,"  1918,  page  43. 
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evitably  decrease  in  geometrical  progression  with  increasing  lapse 
of  time  and  distance  covered,  even  assuming  that  the  insula- 
tion is  perfect  and  the  leakage  zero.  Consequently^  there  will 
be  an  alteration  in  the  form  of  the  composite  wave  in  the 
course  of  the  successive  half-periods,  and  the  straight  line 
which  gave  the  outline  of  the  positive  and  negative  maxima 
of  the  rectangular  wave  at  the  beginning,  will  be  replaced 
by  other  (logarithmic)  curves.  The  less  pronounced  the  asym- 
metry of  the  half  waves  (resulting  from  the  damping)  proves 
to  be,  the  less  will  be  the  amplitudes  of  the  even  harmonics, 
and  the  more  closely  will  those  of  the  odd  harmonics  approach 
the  amplitudes  theoretically  determined  for  the  rectangular 
wave. 

In  Wagner's  experiments,  conducted  with  the  previously 
mentioned  low  voltage  line,  the  decrease  of  the  wave  was  prac- 
tically entirely  due  to  the  ohmic  resistance  of  the  coils,  and  since 

the  resistance  was  rather  limited  (—  =12.8j,  the  decrease  in 

w^ave  amplitude  did  not  amount  to  more  than  15  per  cent,  after 
passing  over  the  full  length  of  the  line.  In  the  case  of  the  an- 
tenna used  by  me  for  my  research,  the  decrement  was  about 
25  times  as  large  because  of  higher  ohmic  resistance.  However, 
since  the  natural  period  of  oscillation  is  250  times  less,  the  wave 
should  approximate  more  closely  to  the  rectangular  form  in 
this  case.  Yet,  since  the  antenna  had  to  be  excited  directly 
by  means  of  high  voltage  spark  gaps,  an  additional  damping 
factor  was  introduced  by  the  spark;  and  this  factor  varied  with 
the  spark  length  of  the  latter,  the  current  thru  the  gap,  and  the 
type  of  discharger  used.  For  these  reasons,  the  effects  produced 
could  not  be  theoretically  predetermined,  or  at  best  only  qual- 
itatively. This  induced  me  to  undertake  this  modest  quanti- 
tative research. 


Results  of  Experiments 

Of  the  many  experiments  made,  only  a  few  will  be  described 
in  this  paper,  but  they  will  be  sufficient  to  show  the  general 
nature  of  the  influence  produced  by  various  types  of  discharger 
and  different  operating  conditions. 

In  Table  1,  for  example,  are  given  two  sets  of  measurements, 
taken  using  the  Marconi  spark  gap  with  5,000  volts  effective, 
or  7,000  volts  maximum,  across  it.  In  the  first  case,  the  sta- 
tionary terminals  were  set  to  a  small  spacing  of  0.5  mm.  (0.02 
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iiu'hj  Ironi  the  moving  electrodes,  while  in  the  second  case  a 
greater  separation  of  2  mm.  (0.08  inch)  was  used. 

The  wave  lengths  are  given  in  the  first  column,  as  determined 
by  the  wave  meter,  without  making  any  corrections  for  such  slight 
errors  as  were  found  because  of  the  irregular  distribution  of  the 
effective  capacity,  which  would  partly  explain  the  discrepancy  in 
the  values  of  the  frequencj^  of  the  successive  harmonics  as  com- 
pared to  exact  multiple  values  of  the  fundamental  frequency. 

In  the  second  column  have  been  entered  the  numerical  ratios 
of  these  frequencies  (which  are  inversely  proportional  to  the  wave 
length);  and  this  leaves  no  room  for  doubt  as  regards  the  ab- 
sence of  odd  harmonics  and  the  presence  of  some  even  harmonics 
(and  the  existence  of  some  other  harmonics  of  an  intermediate  or- 
der), inasmuch  as  the  same  results  were  obtained  in  many  different 
series  of  experiments,  made  under  different  conditions,  and  veri- 
fied by  means  of  various  wave  meters.  The  comparison  be- 
tween the  actual  discharge  wave  and  the  tj^pical  rectangular 
wave  is  simplified,  by  multiplying  the  frequency  of  some  of  the 
harmonics  by  the  amplitude  of  the  corresponding  current  as 
determined  by  calculation.  In  the  typical  rectangular  wave,  the 
resulting  product  should  be  constant  for  the  odd  harmonics, 
while  for  the  even  harmonics  it  should  reduce  to  zero. 

In  the  following  columns  of  the  table  have  been  entered 
the  logarithmic  decrement  of  the  antenna  circuit  per  complete 
period,  and  the  product  of  the  amplitudes  of  the  primary  cur- 
rents (calculated  for  each  of  the  harmonics  in  accordance  with 
the  formula  of  Bjerknes)  multiplied  by  the  ratio  of  corr(\spond- 
ing  frequency  to  that  of  the  fundamental  wave.  All  the  previous 
data  are  given  for  two  different  settings  of  the  spark  gap,  namely 
with  large  and  small  sparking  distances  between  electrodes. 

The  fact  that  the  changes  in  the  decrement  are  not  perfectly 
regular,  is  presumably  to  be  attributed  partly  to  unavoidable 
errors  of  measvuement  and  partly  to  the  variable  resistance  of 
the  spark.  Moreover,  these  same  factors  also  influence  unfav- 
orably the  exact  determination  of  the  amplitudes;  and  therefore 
the  calculated  figures  show  discrepancies  between  different 
groups  of  experiments  that  are  not  wholly  negligil)le.  Their 
average  is  important  in  this  research,  since  it  shows  in 
the  most  compact  form  the  gcnei'al  character  of  the  phe- 
nomenon. 

The  above  remarks  likewise  apply  to  the  data  in  Table  2, 
which  represent  the  results  of  the  measurements  taken  with 
the  spark  gap  having  spherical  electrodes,  and  with  the  Boas 
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spark  gap  with  tungsten  electrodes.  In  both  these  gaps  the 
spark  passes  between  stationary  electrodes,  but  in  consequence 
of  the  different  composition  and  arrangement  of  the  terminals, 
the  sparks  in  the  two  cases  have  very  different  persistencies, 
which  fact  is  plainly  evidenced  by  the  difference  between  the 
respective  decrements,  in  turn  producing  different  wave  forms. 

TABLE  I 

Experiments  Conducted  with  the  Marconi  Spark  Gap 


Short 

Gap 

Long  Gap 

/ 

> 

0 

If 

o 

If 

10,800 

1.0 

0.300 

100 

0.440 

100 

3,530 

3.1 

0.074 

45 

0.200 

63 

2,020 

5.3 

0.054 

36 

0.184 

61 

1,320 

8.2 

0.054 

40 

0.172 

74 

960 

11.2 

0.056 

44 

0 .  160 

81 

750 

14.4 

0.056 

40 

0.144 

63 

610 

17.7 

0.058 

45 

0.120 

57 

Average 

Values 

0.058 

42 

0.164 

66 

TABLE  III 

Experiments   Conducted  with  the  Brass  Spark  Gap  and 

with  the  Boas  Gap 


Brass 

Gap 

Boas 

Gap 

/ 

^1 

0^ 

If 

It 

If 

10,600 

1.0 

0.170 

100 

0.82 

100 

3,500 

3.0 

0.166 

65 

0.26 

75 

1,920 

5.5 

0.124 

80 

0.24 

74 

1,290 

8.2 

0.100 

95 

0.20 

109 

945 

11.2 

0.18 

119 

745 

14.2 

0.16 

135 

612 

17.3 

Average 

Values 

0.130 

80 

0.21 

102 

B}-  i-eason  of  the  increasing  irregulaiity  of  the  phenomenon, 
at  the  higher  harmonic  frequencies  the  decrements  and  the 
amphtudes  ascertained  with  the  gaps  described  are  less  rehable, 
and  some  of  them  have  accordingly  been  omitted  in  the  Table. 

However,  a  comparison  of  the  results  obtained  appears  to 
justify  the  following  conclusions: 

In  radio  telegraphic  antennas,  directly  excited  by  means 
of  an  ordinary  metallic  electrode  gap  fed  from  a  high  voltage 
source  of  continuous  or  alternating  electromotive  force,  the 
discharge  wave  has  a  complex  form,  which  depends  on  the  original 
potential  distribution  and  on  the  decrements  which  arise  from 
the  dissipation  of  energy.  Among  the  sources  of  loss,  the  re- 
sistance of  the  spark  is  of  very  material  importance.  The 
spai'k  resistance  depends  on  the  nature  and  arrangement  of  the 
electrodes,  by  which  the  ratios  of  the  amplitudes  of  the  upper 
harmonics  to  that  of  fundamental  waves  are  materially  modi- 
fied. The  travelling  wave  has  rather  the  form  of  Figure  3b 
than  of  Figure  3a. 
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The  relative  amplitudes  and  decrements,  and  the  frequencies 
of  each  of  the  harmonics  can  be  satisfactorily  determined  by 
means  of  the  wave  meter  which,  while  it  does  not  afford 
means  for  the  determination  of  their  n^lative  phases,  neverthe- 


less  allows  us  to  make  a  useful  comparison  of  the  actual  har- 
monics with  the  corresponding  components  of  the  rectangular 
wave  which  would  theoretically  be  produced  in  the  case  of 
a  uniform  original  distribution  of  potential,  and  with  zero 
damping. 

Measurements  thus  taken  on  an  antenna  of  low  radiating 
capability  made  it  possible  to  prove  the  presence  of  such  har- 
inonics  up  to,  and  even  beyond  the  twentieth,  and  to  determine 
the  amplitude  and  the  decrement  of  each  as  far  as  the  eighteenth 
for  some  types  of  dischargers.  The  frequencies  found  are  parth" 
those  of  the  odd  harmonics,  and  partly  of  the  even  harmonics 
(or  harmonics  of  an  intermediate  order)  which  latter  are  due  to 
the  dissynunetry  of  the  waves  produced  during  successive  semi- 
periods. 

The  decrement  measured  generally  diminishes  as  the  fre- 
quency increases,  but  at  a  rate  which  is  less  than  proportional 
to  the  reciprocal  of  the  latter,  and  the  damping  factor  therefore 
apparently  increases  with  an  increase  in  the  frequency.  The 
relative  amplitude  decreases  in  proportion  as  the  frequency  in- 
creases, but  the  product  of  the  two  factors  which,  in  the  case  of 
the  rectangular  wave,  should  remain  constant  for  the  odd  har- 
monics, and  zero  for  the  even  harmonics,  actually  is  slightly 
variable  for  the  tj^pes  of  gap  in  which  the  spark  ceases  after  a 
few  oscillations,  while  it  gradually  increases  in  the  other  types  of 
gap  which  produce  a  more  persistent  spark.  In  spark  gaps  of 
any  given  type,  the  average  value  of  the  said  product  will  there- 
fore increase  with  increase  in  distance  between  the  electrodes  and 
resulting  increase  of  the  damping. 

The  foregoing  experiments  are  chiefly  related  to  the  form  of 
the  discharge  wave  as  found  at  the  base  of  the  radio  telegraphic 
antenna,  or  at  the  center  of  the  Hertzian  oscillator,  and  where — 
if  the  damping  is  zero — the  potential  node  should  be,  as  well 
as  the  common  anti-node  of  all  the  stationary- wave  currents 
corresponding  to  the  fundamental  oscillation  and  the  upper 
harmonics. 

The  form  of  the  wave  is  modified,  however,  from  point  to 
point  along  the  antenna  by  the  relative  differences  of  phase  of 
the  harmonics,  which  directly  influence  the  current  and  potential 
variations,  as  theoretically  indicated. 

In  the  case  of  the  antenna  herein  described,  and  with  the 
wave  meter  coupled  to  one  of  the  ends  thereof,  the  experiments 
showed  with  certainty  the  presence  of  the  odd  and  even  harmon- 
ics, as  found  in  the  center;  and  also  showed  the  presence  of  even 
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harmonics  of  a  lower  order,  namely  second  and  fourth,  as  well 
as  some  of  higher  order,  which  were  missing  in  the  center.  How- 
ever, I  have  not  carried  out  a  quantitative  investigation  of  these 
latter,  the  interpretation  of  the  results  of  which  would  have  been 
a  laborious  task,  particularly  in  view  of  the  different  coupling 
coefficients  relating  to  the  measurement  of  each  of  the  harmonic 
currents  in  the  circuit. 

SUMMARY:  Using  a  symmetrically  excited  artificial  antenna  consisting 
of  two  long  coils  with  a  spark  gap  between  them,  the  author  measures  the 
frequencies,  decrements,  and  the  relative  amplitudes  of  the  fundamental 
current  and  of  each  of  the  harmonics.  It  is  found  that  the  theoretical  rectan- 
gular wave,  travelling  along  the  antenna,  is  modified  in  form,  particularly  if 
the  spark  is  fairly  persistent.     Numerical  data  are  given. 


RK-KNPX)RCED    HARMONICS    IN    HIGH    POWER    ARC 
TRANSMITTERS* 

By 

F.    A.    KOLSTEK 

(Phy.su'Ist,  Bureau  of  Standards,  Washington,  District  of  Columbia) 

(A  Discussion  of  a  Paper  by  Luigi  Lomljardi,  on 
"Harmonic  Oscillations  in  Directly  Excited  Antennas"; 

In  reading  over  Professor  Lombardi's  interesting  paper,  I 
am  reminded  of  some  experiments  which  I  had  occasion  to  make 
at  the  San  Francisco  transmitting  station  of  the  Federal  Tele- 
graph Company  in  the  fall  of  1914,  for  the  purpose  of  deter- 
mining the  cause  of  extraordinary  interference  produced  by 
this  arc  station  at  a  wave  length  much  shorter  than  the  funda- 
mental wave  transmitted. 

High  power  arc  transmitting  stations  as  equipped  by  the 
Federal  Company  consist  of  a  directly  excited  antenna  system; 
that  is  to  say,  the  arc  is  placed  direct l.y  in  the  antenna  and  the 
length  of  the  wave  emitted  is  determined  entirely  by  the  con- 
stants of  the  antenna  system.  Now  it  is  well  known  that  the 
antenna  circuit  is  one  having  several  degrees  of  freedom  and 
when  excited  directly  will  therefore  emit  waves  of  shorter  length 
than  the  fundamental,  but  of  much  less  intensity.  In  fact, 
it  is  not  expected  that  the  intensity  of  these  shorter  secondary 
waves  would  be  sufficient  to  produce  anj'  serious  interference. 

The  arc  generator  produces  in  any  oscillating  circuit  oscilla- 
tions which  contain  to  a  greater  or  lesser  degree  all  even  and 
odd  harmonics  of  the  fundamental  oscillation.  If  the  oscillating 
circuit  which  is  supplied  by  the  arc  generator  is  one  of  several 
degrees  of  freedom,  then  it  is  possible,  as  will  be  seen  later,  to 
obtain  a  marked  re-enforcem(Mit  of  at  least  one  of  the  arc  har- 
monics. 

Let  us  consider  the  theoretical  cotangent  character  reactance 
curve  of  the  ordinary  antenna  as  shown  in  Figure  1.  Points 
of  zero  reactance  are  obtained  at  wf  corresponding  to  the  funda- 

mental   wave  lengtli  of  the  anteima.  at   — ^   at   -*-   and  so  on. 
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When  a  loading  coil  is  inserted  in  the  antenna,  the  zero  react- 
ance points  are  obtained  at  (Oo,  corresponding  to  the  funda- 
mental or  main  transmitted  wave,  at  Wi,  at  Wo,  and  so  on.  One 
would  expect,  tlii^refore,  to  obtain  re-enforcement  of  arc  har- 
monics corresponding  in  frequency  to  toi,  w^,  and  so  on. 

Experimental  observations  obtained  at  the  South  San  Fran- 
cisco stations  of  the  Federal  Company  confirmed  the  above 
predictions  as  well  as  could  be  expected. 


LOJ 


FUH'HK    1 


Fronj  measurements  made  upon  the  South  San  Francisco 
antenna,  the  reactance  of  the  antenna  was  found  to  be  fairly 
well  expressed  by  the  following  equation: 

Reactance  ==  230  cotangent  ( 107  w  X  10  ~^) 

This  is  plotted  in  Figure  2,  together  with  the  reactance  of 
the  loading  coil  inserted  in  the  antenna  and  it  is  seen  that  two 
points  of  zero  total  reactance  are  obtained,  one  at  (o  correspond- 
ing to  7,200  meters  and  another  at  to  corresponding  to  about 
1,100  meters.  The  wave  lengths  corresponding  to  the  odd  runl 
even  harmonics  of  \ho  arc  ai'e  as  follow^: 


7,200  =  fundamental 

3,600 

2,400 

1.800 


1,410 
1,200 

l,02s 
•too 


SOUTH  SAN  FRANCISCO  STATION 


Figure  2 


The  extraordinary  interference  experienced  occurred  between 
1.000  and  1,200  meters,  and  tests  made  at  the  transmitter 
showed  that  considerable  energy  existed  in  the  antenna  in  this 
range,  in  fact,  it  was  possible  to  light  up  three  tungsten  lamps 
connected  in  series  with  a  circuit  tuned  to  approximately  1,100 
and  coupled  to  the  antenna  circuit  as  shown  in  Figure  3.  Fur- 
thermore, a  wavemeter  containing  a  hot  wire  indicating  instru- 
ment coupled  very  loosel}'  to  the  antenna  circuit  gave  full  de- 
flection at  about  1,100  meters  whereas  at  other  wave  lengths 
corresponding  to  arc  harmonics  no  deflection  whatever  could 
be  obtained.  In  other  words,  due  to  the  characteristics  of  the 
antenna  system  a  marked  re-enforcement  of  the  5th  or  6th  arc 
harmonic  occurred  and  the  energy  radiated  at  this  wave  length 
was  sufficient  to  cause  serious  interference  at  short  wave  receiv- 
ing stations  located  at  a  considerable  distance  awav. 


'^Sucking  our 
Circuit 


Figure  o 


It  is  believed  tliat  a  ''sucking  out"  circuit,  as  siiown  in 
Figure  3,  will  niateiially  reduce  such  interference  and  as  high 
power  arc  stations  multiply  in  number  it  is  probal)le  that  some 
means  will  have  to  be  devised  to  reduce  the  disturl)ing  effects 
of  these  re-enforced  are  hai-nionics. 

SUMMARY:  A  Poulsen  arc  in  the  antenna  will  give  rise  to  a  series  of  non- 
harmonic  oscillations  of  shorter  wave  length,  some  of  which  may  cause 
troublesome  interference  with  nearby  short-wave  receiving  stations.  The 
effect  is  explained,  and  a  method  of  reducing  such  interference  by  the  use  of  a 
suitably  tuned  absorbing  circuit  coupled  to  the  transmitting  antenna  is  given. 


tjoi 


FURTHER  DISCUSSION*  ON 

"ELECTRICAL    OSCILLATIONS    IN    ANTENNAS    AND 
INDUCTION  COILS"   BY  JOHN  M.  MILLER 

By 
John  H.  Morecroft 

I  was  glad  to  see  an  article  by  Dr.  Miller  on  the  subject  of 
oscillations  in  coils  and  antennas  because  of  my  own  interest 
in  the  subject,  and  also  because  of  the  able  manner  in  which  Dr. 
Miller  handles  material  of  this  kind.  The  paper  is  well  worth 
studying. 

I  was  somewhat  startled,  however,  to  find  out  from  the 
author  that  I  was  in  error  in  some  of  the  material  presented  in 
my  paper  in  the  Proceedings  of  The  Institute  of  Radio 
Engineers  for  December,  1917,  especially  as  I  had  at  the  time 
I  wrote  my  paper  thought  along  similar  lines  as  does  Dr.  Miller 
in  his  treatment  of  the  subject;  this  is  shown  b.y  my  treatment 
of  the  antenna  resistance. 

As  to  what  the  effective  inductance  and  capacity  of  an  an- 
tenna are  when  it  is  oscillating  in  its  fundamental  mode  is,  it 
seems  to  me,  a  matter  of  viewpoint.  Dr.  Miller  concedes  that 
my  treatment  leads  to  correct  predictions  of  the  behavior  of 
the  antenna  and  I  concede  the  same  to  him;  it  is  a  question, 
therefore,  as  to  which  treatment  is  the  more  logical. 

From  the  author's  deductions  we  must  conclude  that  at 
quarter  wave  length  oscillations 

Le  =  f  (1) 

^"^  Ce=%Co  (2) 

The  value  of  L  really  comes  from  a  consideration  of  the 
magnetic  energy  in  the  antenna  keeping  the  current  in  the 
artificial  antenna  the  same  as  the  maximum  value  it  had  in  the 
actual  antenna,  and  then  selecting  the  capacity  of  suitable  value 
to  give  the  artificial  antenna  the  same  natural  period  as  the 
actual  antenna.  This  method  of  procedure  will,  as  the  author 
states,  give  an  artificial  antenna  having  the  same  natural  fre- 
quency, magnetic  energy,  and  electrostatic  energy,  as  the  actual 
antenna,  keeping  the  current  in  the  artificial  antenna  the  same 
as  the  maximum  current  in  the  actual  antenna. 


♦  Receired  by  the  Editor,  June  26,  1919. 
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But  suppose  he  had  attacked  the  problem  from  the  viewpoint 
of  electrostatic  energy  instead  of  electromagnetic  energy,  and 
that  he  had  obtained  the  constants  of  his  artificial  antenna  to 
satisfy  these  conditions  (which  are  just  as  fundamental  and 
reasonable  as  those  he  did  satisfy);  same  natural  frequency, 
same  magnetic  energy,  same  electrostatic  energy  and  the  same 
voltage  across  the  condenser  of  the  artificial  as  the  maximum 
voltage  in  the  actual  antenna.  He  would  then  have  obtained 
the  relations 

I..  =  l,L.  (3) 

(e=^  (4) 

Now  equations  (3j  and  (4)  are  just  as  correct  as  are  (1)  and 
(2)  and  moreover  the  artificial  antenna  built  with  the  constants 
given  in  (3)  and  (4)  would  duplicate  the  actual  antenna  just  as 
well  as  the  one  built  according  to  the  relations  given  in  (1)  and  (2). 

I  had  these  two  possibilities  in  mind  when  writing  in  my 
original  article  "as  the  electrostatic  energy  is  a  function  of  the 
potential  curve  and  the  magnetic  energj^  is  the  same  function 
of  the  current  curve,  and  both  these  curves  have  the  same  shape, 
it  is  logical,  and  so  on.'^  Needless  to  say,  I  still  consider  it 
logical,  and  after  reading  this  discussion  I  am  sure  Dr.  Miller 
will  see  my  reasons  for  so  thinking. 

When  applying  the  theory  of  uniform  lines  to  coils  I  think 
a  very  large  error  is  made  at  once,  which  vitiates  very  largel>' 
any  conclusions  reached.  The  L  and  C  of  the  coil,  per  centimeter 
length,  are  by  no  means  uniform,  a  necessar}-  condition  in  the 
theory  of  uniform  lines;  in  a  long  solenoid  the  L  per  centimeter 
near  the  center  of  the  coil  is  nearly  twice  as  great  as  the  L  per 
centimeter  at  the  ends,  a  fact  which  follows  from  elementary 
theory,  and  one  which  has  l)eon  verified  in  oui-  laboratory  by 
measuring  the  wave  length  of  a  high  frequency  wave  traveling 
along  such  a  solenoid.  The  wave  length  is  much  shorter  in  the 
center  of  the  coil  than  it  is  near  the  ends.  What  the  capacity 
per  centimeter  of  a  solenoid  is  has  never  been  measured,  I  think, 
l>ut  it  is  undoubtedly  greater  in  the  center  of  the  coil  than  near 
the  ends. 

The  conclusions  he  reaches  from  his  equation  (22)  that  even 
at  its  natural  frequency  the  L  of  the  coil  may  be  regarded  as 
equal  to  the  low  frequency  value  of  L  is  valuable  in  so  far  as 
it  tnables  one  better  to  predict  the  behavior  of  the  coil,  but  it 
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should  be  kept  in  mind  that  really  the  value  of  L  of  the  coil, 
when  defined  as  does  the  author  in  the  first  part  of  his  paper  in 
terms  of  magnetic  energy  and  maximum  current  in  the  coil, 
at  the  high  frequency,  is  very  much  less  than  it  is  at  the  low 
frequency. 

One  point  on  which  I  differ  very  materially  with  the  author 
is  the  question  of  the  reactance  of  a  coil  and  condenser,  con- 
nected in  parallel,  and  excited  by  a  frequency'  the  same  as  the 
natural  frequency  of  the  circuit.  The  author  gives  the  react- 
ance as  infinity  at  this  frequency,  whereas  it  is  actually  zero. 
When  the  impressed  frequency  is  slightly  higher  than  resonant 
frequency  there  is  a  high  capacitive  reaction  and  at  a  frequency 
slightly  lower  than  resonant  frequency  there  is  a  high  inductive 
reaction,  but  at  the  resonant  frequency  the  reactance  of  the  cir- 
cuit is  zero.  The  resistance  of  the  circuit  becomes  infinite  at 
this  frequency,  if  the  coil  and  condenser  have  no  resistance, 
but  for  any  value  of  coil  resistance,  the  reactance  of  the  com- 
bination is  zero  at  resonant  fi'equency. 
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